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PREFACE

This is a final report of work on SIPRE*Project 22.4-10. Explesions
in ice, performed under Contract DA-11-190-ENG-27 with Barodynamics,
Inc. The field work was conducted as Corps of Enginecers Project £# of
the 1957 Greenland Research Program. The purpose of the investijation
is to supplement data from explosions in frozen ground and acquire infor-
mation for the development of criteria for the destruction and protection of
structures in or on icc.

The design and planning of this p:uject were accomplisii:d uader the
direction of the Frozen Ground Applied Resea:cii Branch, Snow Ice and
Permafrost Research Establishment. The work was sponscred jointly Ly
U. 8. Army SIPRE, WES, and ERD’ . U. S. Army Engincer Arctic Task
Force provided cperational support, construction equipment, and personnel.
Yi. 5. Ariny Waterways Lniperimeni Station furnished and operated the
instramentation equipn: nt for airblast and under-ice shock rieasurements.
I'.1d work, supervision, and analysis were conducted by Barodynamics, Inc.

This report has been reviewed and approved for publication by the
Office of the Chief of Engineers, U.S. Army,

Mz“—‘—\—-sv
W. L. NUNMGESSER

Colonel, Corps of Engineers
Director

Manuscript received 16 March 1960
Depariment of the Army Project 8-66-02-400

* Redesignated U. S. Army Culd Regions Research and Engineering
Laboratory, i February 1961,
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SUMMARY

Twenty-four iustrumented and 106 uninstrumeated blasts rangi- i
weight from 2.5 to 40 !b of frur types of axplosive - were detonat=d aoove,
in contact with, and at vari.as depths below the ice surface. The tests
were conducted at the edge of the Greenland Ice Cap, near Camp Tuto,
during the summer of 1957. Under-ice direct shock pressure, air-induced
under-ice shock pressure, and airblast pressure from shaliow under-ice
bursts, contact bursts, and near-contact bursts were measured. The
apparent crater and the true crater were m_asured, and the meche. 3 of
the fracture process were studied, The height to which the flyrock was
thrown was measured using motion pictures, and ground rise and venting
phenomena were studied. Sixty-six seismic records were taken,

Evaluation of the data takes into account both energy partitioning and
variation in behavior of the ice with the scale of the cxperiment. Crater
measurements and flyrock travel height are reduced to dimensionless unn
using the critical depthk N 23 a scaling parameter. Shoc’. and seismic
measurements are referrec both to vhe scaled gage digtance and to the
depth ratio.

The height to which the ice is thrown by an explosion and dimensions of
the apparent crater are greate.: at low depth ratios and in the range where
the breakage process is inefticient. At a given depth ratio, both the N-
scaled flyrock trav. ; height and N-scaled dimensions of the apparent crater
vary with type of eaplosive and weight of charge.

Measurements are evaluated using: 1) equations involving a length or
a damage distance, and containing coefficients measurable at critical depth;
and 2} equations involving volume measurements and containing coefficients
measurable at optimum depth.

The critical depth N was measured in the field separately fo- 2.5-, 5-,
10-, 20-, and 4C-15 cpherical charges of four test explosives. Results
demonstrate consistently for all four explosives and for all weights tested
that explosions in glacier ice deviate from cube-root scaling. The strain-
energy factor E, calculated from

N =EJW where W is charge weight

is greater for high-energy and high-velocity explosives than for low-energy
and low-velocity explusives. The maximum value of E occurs where the
tangent to the log M vs log W curve has a slope of one-third. The slope of
the curve is lese than one-third if the weight of the charge is grzater than
10 1b,

As the weight of the charge increases, the ice becomes more plastic-
acting, The change is meacu:.d by the materials behavior . ‘e B, Al-
though B is a constant for a given material, weight of charge, 1ud tvpe of
explosi-\"—e, it vairies both with the weight and with the ty: -~ cv expleaive when
blasting in glacier ice. A greater range in the behavis: ol whe ice was
obsgerved when blasting with C -4 than when blasting with the other explosives.

The equation for crater volume is

V/W = E3ABC.

As the stress distribution number C 15 a constant for the coaditicns of these
tests, and F and B are constants for a given explosive 2nd weight of charye,

-




SUMMARY (cont'd)

any variation in V/W, volume of true cratcr per pound of explesive, aupends
upon the energy utiliza:‘on number A, which is a relat:ve measure of tu-
part of the tetal energy of the exsiosion that is partiticned to the fractur:
process at various depth ratios.

Because the energy from a contact burst is partitioned to the material
and to the atmosphere in a complex manner, it is difficult to detect a change
in behavior due either to the explosive or to the weight of the charge. The
change in behavior Yecomes increasingly evident as the depth of the charge
increases and energy partitioning becomes less complex. When the r_ ons
between V/W and depth ralio are compared with the reiations between fiy-
rack travel height and depth ratio, it becomes apparent that:

1} energy utilized in deforming the ice without loss of colesion is
not available to the fracture process;

2) energy utilized to deform without loss of cohesion and to fracture
the ice is not available to accelerate the isolated fragments:

3} events subsefjue: ! to the breakage process, suc': as the scoursing
action of the vented gas bubble, depend upon the manner in which energy is
partitioned to the breakage process — and in turn upon all cof the parameters
that affect cratering in ice.

Energy utilization curves wer. derived mathematically from the V/W
cerves. A family of curves is required for each type of explosive. Maxima,
minima, and pcinte  {nflection dsfine the energy level at which a given
phcnumenon begins or ends, and the cuergy level is related mathematically
to the depth ratio. For example, breakthrough of the gas bubble marks the
beginning of venting phenomena and occurs where A is maximum. The
energy utilization curves, together «with the optimt:_m depth ratios indicate
that the beginning or ending of a given phenomenon, or series ot phenumena,
depends both upon the explosive and the material, and that the two a—e depen-
dent rather than independent variables. As the weight of the charge and the
scale of the experiment ar( increased, more of the total energy of the ex-
plosion is utilized by the material between the beginning of deformation and
breakthrough of the gar bubble.

The depth of the ¢ rater 18 the sum of the depth to the center of gravity
of the charge and the vertical radius of the explosion cavity. The vertical
radius is larger for a contact burst than for a charge at optimum depth, lar-
ger at critical depth than at optimum depth, larger at critical depth than at
optimum weight, and is affected by both charge shape and by type of explosive.
Variations in crater shapes and radius with depth ratio are censistert with
transition limits as defined by the energy utilization curves. They .ls0 are
consistent with other parameters of the breakapg’ ~rocess = ,uation

VIW= 50,

Tabizs, curves, °-d equations presented in the repor* mske it pussible,
within the range of the experiments, to predict acanrate’; any desired dimension
of t+~ true or apparent crater in glacier ice, and to calculate the height to
which the ice would be thrown by an explosion. When extrapolu: ig beyond
the range of the experiments, the observed ,asriation in E, A, and B should
prove useful. -7 -

Pressure-distance relations as summarized do not take into account
either the efiect of charge depth, or the yege position. Additional instrumen-
tation data are necessary before an analysis can be compieted.




SUMMARY (cont'd) vii

At scaled distances of 1.5W or less, the under-ice pressure pulse is
similar in shape to that 1n water or in air; but as the disiance incre--zes,
the shape changes gradually.

The form of the »eismic record is affected boti by the depth and , .ne
weight of the charge. If the ¢ .rge is detonated in +.s a short distance above
the surface of the ice, both direct under-ice shock and airblast-induced .nder-
ice shock are recorded. The airblast-induced shock is suppressed at relatively
shallow depths of charge; within the range (0< A<l}, the amplitude of vihrations
iirst arriving at the geophones increases as the depth of the charge increas:

At critical depth, all of the energy of the exp:osion is par.itioned to r ~resses
that precede fracturing. If the N-scaled depth charge 15 held constant .t
critical depth, and the weight of the charge of a given type of explosive is
increased, the duration of high amplitude vibrations at a given sculed geophone
distance incrcascs.

In the region near the charge, the charge-to-gage shock velocity depends
both upon the depth ratio of the shot and upon the place of observation, The
variation of the under-ice shock veiocity vith charyzc depth, explosive type.
and scaled slant distance appur:s > pe as follows*

1) If shock gages are placed at giver scaled slant distances from
the charge, the under-ice shuck velocity of a blast in glacier ice at a given
depth of charge depends both upon the type and weight ot explosive,

2) In the range where baoth plastic deformation and fracturing occur,
the under-ice charge-iv-gage phock velocity approaches & minimum if the
charge is placed at the optimum depth for a given type of explosive and weight
of charge,

3) At optimum depth, the under-ice charge-to-gage shock velocity
increases with the scaled gage distance in the range where fracturing predom-
inates over plastic deformation.

A variation in charge-to-gage shock velocity becomes increasingly diffi-
cult to detect as the distance to the place of obscrvation increases. In the
range where seismic measurements were made, the velocity of the longitudinal
wave, as measured at the ice surface, appears to be constant at 12,000 ft/sec
regardless of charge depth, charge weight, or explosives type, However, the
dispersion of the data decreases and the accuracy with which the velocity can
be measured increases if variations in behavior of the material with charge
depth, charge weight, and explosive type are considered.
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EXPLOSIONS IN ICE

by
Clifton W. Livingston
GENERAL “LAN OF THE TEST:

The tests were conducted during the summer of 1957 at a test site on glacier ice
2% miles from Camp Tuto near Thule, Greenland. Atlas 60 Percent Straight Celatin,
military explosive C-4, Atlas Coalite 7S. and Atlas Coalite 55 were tested. Twen,
four blasts instrumented for pressure measurements and 106 un.astruments *“iasts
ranging in weight from 2.5 to 40 1b of explosive were detonated in chargas of .pherical
shape. In addition to blasts at various depths (Fig. 10) four contact blasts were deto-
ncled and at least one instrumented 10-1b charge of each explosive was cetonated in
air above the ice at a distance in feet equal to the cube root of the chare weight (Fig. 11).
Motion pictures were taken to determine the initial velocity of flyrock, to measure
the height to which ice was thrown, and to aid in studying ground- rise phenomena. Under-
ice pressures were measured and both ai1 and urder-ice noessures were -neasur.a for
shailow blasts and blasts detonatea .hcve the ice surtace. Seisriic measurements were
made at various scaled distances from the shot peint

OBJECTIVES AND SCOPE

"Explosions in Ice' is a contiauation of the Keweenaw Blast Tests and the Fort
Churchill Blast Tests (Livingston, 195v0; 1959), which were designed to obtain funda-
menta} data on producing excavations in frozen ground, on forming trenches and foxholes
for troops in arctic and sub-arctic regions, and on tl.e design of structures in an arctic
or sub-arctic environment to resist damage by explosions,

The following objectives are added to those of the Keweenaw Blast Tests and of the
Fort Churchill Blast Tests:

1) to obtain numerical values of the crater coelficients, the strain-energy
factor E, the energy utilization number A, and the materials behavior index B of the
Livingston crater equations; - -

2) to inveatigate the significance of the strain-enexrgv factor relative to the
model laws for explosions;

3) to correlate the effects of explosions in frozen ground and in ice;

Figure 2. Test site looking south- Figure 5. Banding in the
west from mile 2} on the ramp road. ice along wall o1 test pit,




2 EXPLOSIONS IN ICE

4) to determine wihcther the dimensions of a crater ia ice -~ or the variables
of the Livingston crater equatior.., which are known t» be functions cf the denth, _dtic A,
and o1 the energy density within the medium — are related to peik pressure, imyu'se,
or other pressure or seismic cf:=cts;

5) to search for fandamentals .1 behavior of matericis of the earth's crust.

The report is restricted to:

1) a description of field and oifice procedures

2) a preliminary correlation of under-ice pressure measurements, craier
dimensions, flyrock travel, and airblast pressure;

3) the presentation of the data.

FROCEDURE

Test sile

" The tes: site was 2} miles east of Camp Tuto on the Thule ramp (Fig. 1). The
surface of the ice cap at the test site ranges from 2480 to 2550 ft above sea level, and
siopes gently towards the edg= of the ice cap.

The ice increases in thickness to 8.9 {i ai th> test gite. The cd.:e of the ice cap
at Camp Tute is buttressed against thick glacial moraine, ond the ice is stagnant to a
distance of ruugly 3000 ft from the edge. In the vicinity of che test site, the ice :noves
about 8 ft/yr — 4 ft during the summer test :easor and 4 £t the rest of the year (personal
communication, F. J. Sanger, ACFEL). Glaciology in the vicinity cf Camp Trto and
the test site is described in SIP** Report 28 (Schytt, 1955) and in SIPRE Resea.ch
Renart 17 (Bishop, 1957).

Ti -**=(Fig. 2) was loczated so that blasting did not interfere with other research
operations ia the vicinity. A £170-ft safety zone was left between project headquarters
beside the ramp road and the near edge of the blast test area.

The site was laid out so that blasting and excavation advance up the ice ramp.
Instrumented shots were placed in the center of the test strip and uninstrumented shots
on both sides. Although the Thule ramp is comparatively free from large crevasses,
cracks up to 2 in, wide formed during the winter and were present under tke snow cover
at the time of arrival of the field party. Later, a 3-ft wide crevasse was discovered
at a point roughly 1000 ft southwest of the test site. The first step in laying out the test
site was to deicrmine the position and direction of the shrinkage cracks so that seismic
measurements need not be taken across the openings. Strips of the ice surface were
exposed with a bulldozer, and the strips were laid out so as to collect and divert melt
water from the area between them. The ice surface was found to be smooth, and the
predominant direction of the shrinkage cracks was nearly at right angies to the ramp
road. The cracks were not straight, nor were they regularly spaced. The spacing
~we © vm 50 to 100 ft.

Shortly after field work began, melt water filled the r~acks and coon froze. After
this water had frozen, the earlier existencc of a crack would! be detected only by a change
in color or texture of the ice. Freezing an- expansion of 1elt water in the shrinkage
cracks may explain the greater rate of movernent of the ice surface in svnun er than
during the rest of the year.

Physica: properties of the ice

The glac'zr ice of the test site was free from dirt. Color bands rougi 'y parallel to
the ice surfare were evident in trenches, in test pits, and on the walls of craters exca-
vated during the test season, Ice containing no air bubbles (which is blue) is of highcr
density than ice containing abundant air bubbles {(which is white). Ice crystal: ranging
from 3/4 to 4 in. long and from 1/8 to 1/21n. 1n diameter are ¢ iented with their long
axes al right angles to the banding. Figure 3 shows the banding in che ice and the break-
down of the ice surface along zrystal boundaries by melting and radia ion.
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4 EXPLOSIONS IN ICE

Table 1. Physical properties of icc at
the explnsions test site, Thule ramp.
{Trom Butkovich, 1959)

ka/cm? psi
Crushing strength, mean vertical 35.8 509
Ring tensile strength, mean
vertical at density range
0.860 - 0.880 g/cm? 18.0 256
0.880 - 0.900 g/cm? 23.0 327
0.900 - 0.915 g/cm? 27.0 384
Flexural strength, mean failure
stress at center of horizontal bea.n
beam at depth (ft)
0.00 - 0.70 11.6 165
3.05 - 4.33 14,0 199
6.70 - 8.03 16.8 239
dynes/cm? psi
Static modulus of elasticity, mean 1.3 x 1010 G.1885 x 106
‘:Dynau.ic modulus i efasticity
{at mean density 0.899 g/cm3
- horizontal beams) 8.7 x 1010 1.26 x10%

*From Roethlisberger (1959).

S8amples of the ice were tested in the under-ice laboratory at the USA SIPRE ice
tunnel to determine physical properties, It was concluded from the results that the
glacier ice of the test site differs appreciably from various types of ice ancountered
when driving the SIPRE ice tunnel. Test procedure and results ar- includec in SIPRE
Research Report 47 (Butkovich, 1959). Table I summarizes some of the physical
properties of the ice, determined at a loading rate in which the stress-straiu curve is
linear, The tesls were made at -5C, near the temperature that prevailed during the
test season between 5 and 7 ft below the ice surface (Fig. 4).

Ice density varied from 0.859 to 0.914 g/cm? at ti.e test site. The variation
A -ends upon the size and abundance of air bubbles in individual bands. The bubbles
are irregular in shape and in some bands are as large as 7 mm in diameter,

Figure 4 summarizes the maximu.n and minimum ¢ .i.¢nt ai. «emperatus=s as
measured 3 it above the ice surface at mile 2 on the rar~p road. From a comparison
of temperatures at mile 2 and mile 3 during the test seasun, it may be .ri°rred that
ambie. ! air teimnperatures at the icst site {(which is roughly halfiway Letween t= twe
weather stations) were witinun =1 of those at mile 2.

L 'ring ihe test season as much as 12 ft of 1ce mielted truan e surface of the ice
cap adjacent w the headquarters building (Fig. 5), The extent of ablatiun of the ice is
indicated by the difference in elevation of the eurface of the ice underneath the building
and (he surface in the foreground. Ablation was less at other places on the test site,
but the lowering of the ice surface required that the position of subsurtac: temperature
gages be referred to a permanent bench mark, The temperatiivres of the ice 3, 5, 7,
and 9 ft below the surface (Fig. 4) were obtained using the temperature gradient at fixed
gage positions and the position of the ice surface relative to the refrrence bench mark.

"
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Figure 5. Headquarters building at test
site, showing ablation during the melt
secason. Rocks prevented building from
sliding off ice pinnacle.

Ablation and its cffect upon vperations

Meltuing Legan at thie edge of the 1ce cap and pruceeded up the rainp to engulf the test
site. Rega. 'tess of the location picked alung the ramp road for the test site, the situation
would have been much the same, but melting would have occurred at a dificrent time
during the season. Melt streams, developed behind the slusa zone, were impossible to
control with equipment available.

Ablation of tae 1ce surface was the cau. ¢ of must difficultics experienced during
the test work. Pumping became a majer problem  Channels cut in the ice to drain
surface water [rom test arecas overflowed or became clogged and were buried so that

wsportation ci fuot was impossible at times. The inovement ot drilliv_ and excasatine

cuipment was seriously restricted.  Duris,, e pereod that the lush zore advanced
through the test site, all operations —Jdniiling, blastiug «xcavat.n, 1asuring of
craters — were seriously affected

After a crater was mapp: ¢, .t [illod again with water. Pirs anliips 'wicenanto
the i«ce to meark the crat ~ limits soon wore lost because of wane'. biavck-. 'y radr .,
«» urface ablation. onow soon drit'ed over the slush-filled ¢ r.c . Thg deep exca-
vali.n .u1 the shiprery sides of crate*s what had been abandoncd «reated a trap fur men

aud equi: ment. Arcas where cxcavatior s had been made were 1soiate ' by vsing o bull-
dozer to build up snow piles, but water eccunslated behind the piles and encroach: 1
apon the active working area.

Ablation of the ice surface was eccompanted by warining ol tuc upper part of the
1ice. Figure o, o temperatire gradient such os was used i preparing the record of
sub-onrface 1ce temperatures, shows that the upper 2 1t ot 1ce was at che meiting point
When deilling blast holes, even though surface water nad been a ortod tram the cotl,
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of a drill hoie, a flow might be encountered
within the upper 2 ft ot warra i. . Warm
slush that formnd on the auger .lifes at
shallow depths wvas carried dow..v..cd intc
colder ice as tiie hole deepened. If it
became necessary to stop the rotation of
the drill, the slush-covered auger flites
froze instantaneonsly to the walls of the
hole. Cuttings of slush ice scractimes
formed Leneath the cutting hzad " 2=z
auger and gradually enlargec inte « ball

as the hole dcepened. Eventually the tall
completely encased the cutting head so as
to stop the driliing action and to raise both
Figure 7. Auger drill ng. drill and caterpiliar mounting.

Drill holes filled with water soon after
com:letion and the water begin to fre e
from the walls of ti.c hole inward. In the
botton: of the hole, where the ice was
coldest, freezing was more rapid than at
shallower depths. 7The result was that,
if too long a time elapsed between drilling
and blasting, the hole became too small
at the bottom to accommodate the plastic
sphere containing the explosive,

The conflicting requirements that
pressure gages must be frozen in the ice
to obtain true pressure measurements and
that blast holes must not refreeze before
the placing of the charge, resiricted the
operating cycle.

Auger drilling
Blast holes ranging from 6 to 14 in.
in diameter were drilled. The rig (Fig. 7)
consists of a Joy Model 7 diamond drill
with AX mechanical feed screw and auxili-
ary jack shaft driven from a gasoline engiue
and mounted on a D-4 caterpillar tractor.
“mure 8.  Cutting heads were As the drill had to penetrate 0C 1ce and
redesigned to chip the ice. enter colder ice, and because uf the abun-
dance of v.awer on the test site during the
ablation period, cutting heads of the augers were redes. ned to chip rather tparn to slice
the ice (Fig. 8).
D.y drilling, in which drill cuttings were removed by the auger fiites or uy a jet
of cempressed atr, was clinunated in faver of wet drilling. Water ~ .- Zuve.vod to the
driil u le from rnearby nuelt streams, and the cuttings were noated to the surface. A
2 fr section v auger flite was used as an agitator behind the cutting heac and the hole
was deepeaed by adding AX drill rod.

Blasting procedure
Three commeuraial explosives and one military explosive {Table II) were tested so

as to observe as large a range as practical in velocily and energy.
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Table II. Prsperties of the test explos:ves.

Explosion Detonsztion

Classi- Energy pressure veiocity* _aitwt T
Explo. fication (cal/e, (psi) {ft/sec) (ir? /1b)
C-4 Military 1235 24, 000 1£.9
A-60 Straight

Gelatin 1249 13.018 20, 000 14, -
C-178 Ammonia

Permissible 916 14,913 10, 000 25.0
C-23 Ammonia

FPermissivie 942 5, 0G0 27.0

* confined
T packed in spheres

The explosives were hand packed
into plastic spheres (Table III) and
detonated by electric blasting caps. A
booster sleeve was used alse 45 d<tonate
C-4. Halves of plastic soheres wex :
tap~a togetner with clectrician's tape.

A copper wire was wrapped around the
outside of the sphere to lower the charge
into the hole and to serve as a means of
determining the instant of detonation
(Fig. 9). The blast hole was filled to the
collar with sand stemming. Uninstru-
mented charges were detonated using a
Southwestern Industrial Electronics Figure 9. Plastic sphere
blasting machine designed for reflection containing explosive,
seismic work. Figures 10 and 11 show

the relations between charge weight and depth or height of charge.

Table Il.. Dimensions of explosives spheres.

Explec. Inside radius (fit)
<. 5-1b 5.0-1b 10.0-1b 20.0-ib 40 0.1
C-4 0.188 0. 250 0. 300 u. 375 0.4:9
A-60 v.188 0. 240 0. 300 0.373 0.470
C-78 0.219 v. 27¢ 0. 340 0.430 U 540
C-55 0.240 0.276 . 340 0.436 0,88

Proposed cuv.ored columns and trenches

"7 Plans to use the colores cclumn technigue developed by USA ERDL fo study
deformation in the ice below the bottom of the crater had to be abaadonea hecause of
surface melting. Holes 1-3/8 in, in diameter were drillea at predeterimined scaled
distances from the explosive charge and {illed with water sol ible cye, using differeat
colors for each column, Water flowing on the surface and within the upser 2 1t of 1ce
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Figure 11. Air and contact blasts.

washed out and removed th~ Jve. s

a hole was drilled, it fuiled with surface
w ter and freezing from the walls drove
the water-soluble dye inward, where
eventually it froze in a column about the
size of the lead in a pencil, Another
difficulty during the period of rapid ab-
lation of the ice surface was that the
crater filled with water so rapidly after

a blast that it was impossible to pump out
the water-ice mixture with the pumps
available. The amount of water on the
test site was so great at times that it

was impossible to heep a trench open
long enough to inspect the colored columns.

It was intended also to study deformation and fracturing of the ice beyond the cratex
using trenches dug with a trenching machine. Untortunately, the trenching machine was
+~ansported by ship and arrived too late to be used exiensively. However, it dia arrive
in time to dcmonstrate: 1) that an explosion in ice produres a zone ot chearing that
extends a substantial distance beyoud the crater, an: .) thal o «:ench 18 1., wide by 8 ft
deep can oe advanced in ice with a conventional trenc’ ing machine at approximately
1 ft/min.

The direction of displacement along shear planes and the flal dip ~f . planes ar-
tke same as for thrust 1auite. (The hanging wall is thrust over "ar ocrwe.l,) The term
.. nsf zune' is used here to designace the 29ne of sheariug ve yond the crater, The
existence of the shear planes and their orientation with respect to the explosive charge
was observed in trenches in the thrize zone. but wrdortunately the liimits of thrusting
could not be studied,

Figure 13. Fracture pattern in ice for
blasts between critical and optimum depths.

Excavation, field analysis, and crater surveys
The apparent crater was mapped in plan and cross sectior. Tue crater was then
excavated either by hand or with a clamshell. 71he truc crater ‘+as mapped using the

i e v o i g

§ s e ity
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reference points usad to map the apparent
crates,

A field analysis was made of e~ .i blast
in an eff~rt to obt’ in informatior usectul in
comparing the behavior of ice with that of
other materials. Figures 12-15 illustrate
pkencmena that are characteristic of the
behavior of ice or that differ from the be-
havior of frozen ground.

Figure 12 shows how the surf.  of the
ice is domed as a result of blasts at near-
critical depth. Th2 doming is in contrast
to the slabbing action characteristic of
brittle substances and sugges:s that "secon-

Figure 14. Refreezing after de- dary effects' associated with expansion of
formation and disaggregation of the gas bubble may be of greater importa ce
the ice near the explosion cavity in cratering 1n 1ce than 'primary effects”

associated with reflection of the shock ‘vave.

Figure 13 illustrates the fracture pattern
typical of blasts at depths ranging from
critical depth to optimu'n depth. In brittle
substances, slabs are tormed parallel to the
surface by reflection ot the shock wave, In
ice, failure occurs primarily on radial and
tangential planes, and appears to be a result
of displacement outwardly from the explosion
cavity,

Figure 14 illustrates 1) '"plastic defor-
mation' of the i1ce adjacent to th - explosion
cavity, 2) con'paction due to hcat and pres-
sure below the explosion cavity, and 3) dis~
aggregation along crystal boundaries (which
possibly may be due to energy release and
expansion of the ice after the pressure
declines).

Figure 15 shows damage to walls of a
vertical trench in ice in the zone beyond the
rim of the crater, The crater exhibited
ef{fects such as shown in Figure '3, but the
fractures adjacent to the wal's Ju{ the trench
ai1e ¢ " a difierent type. They arc vertical and are orient ' concent, cally ahimt the
explosive chorge. It seems that, if cansed by reflection of the shock wave, the fractures
should have formed parallel to the wall " in2 trench and the ends shouls urve ‘n the
opposite direction, If caused by thrusting, ‘he fractures would be incliued :wtacr than
vertical.

Figure 15. Fracture pattern at wall of a
vertical trench near an explosion in ice.

Instruracntatinn

T The scop:zmof the instrumentation program was limited by difficulties ncountered
in the field .nd by time and funds available. The nun.bexr of under-ice shock gages
available for the tests also was limited. Early in the t_st grogram, gage and cable
camage were high. The tests also were hindered by winds that at one time reached
velocities in excess of 100 mph., During much of ke tost seaso. it was impossible to
control melt water on the test site. Melt water and wind-blown meisture contribated
greatly to the difficulties of instrumentation. Near the end of the test season, the few




EXPLOSIONS IN ICE 11

gages that had remained serviceable were damaged by ¢reezing of the E 5 ¢ coating
that covered the gage clements.

To determine whether it was essential to freeze t* = gages in the ice, piLessure
measurements from gages frozen in the ice were compared with those from gages in
water-filled holes at the same scaled dirtance., It was apparent that the gages should
be irozen into the ice to obtain proper coupling. Also it was observed that the . ak
pressure in glacier ice is substantially less thar in artificial ice or in w- <r at the
same scaled distance., Presumablv air bubbles in the ice cause the peak , .essure to
be reduced. The upper 2 ft of ice contained water during the first month of testing and
behaved differently than the cold ice at greater depths,

Placement and recovery of under-ice gages were difficult, Gazes placed at less
than 2.5 ft below the ice surface did not freeze for several days., As the ice surface
continued to deteriorate by radiation and by melting along the crystal boundaries, the
gage was no ionger at the specified depth by *he time it hud frozen in. Furiher Lore,
it was difficult to prevent moist: re {rzm entering the cable (uuplings bccause the
velocity of the wina seldom was less than 20 mph., When the gages had frozen in,
usually ouc or more circuits had shorted out. By the time the difficulty had been de-
tected and corrected, refreezing mi-ht reduce the diameter of the blast hole so much
that the charge could not be placed =t the specified depth. Fnurthermore, the collar
nt the drill hole was no ! ‘uoer at tiie same elevation as when drilled. )

Difficulties first encountered when recovering the gages were more cxasperating
*--~= those experienced when placing them. The depth of a gage and its position with
respect to the crater determined whether or not the gage was blown loose by the shot,
whether the cables were sheared off, or whether gage and cable were undamaged.
Gages that remained in position were recovered by hand picking, by drilling, or by a
combination of hand picking, drilling, and blasting. The volume of water on the test
site made it difficult to keep the crater free from water during excavation, and the
presence of the cables made it impractical to excavate with a clamshell,

Most of the gage recovery difficulties were solved by using a steam jet, However,
1t still was impossible to follow a standard pattern when placing the gages because the
depth of warm ice remained nearly constant and could not be scaled with *he experiment,
and, depending upon the position of the gage w'th respect to the crater, shearing dis-
placen:ent sufficient to destrouy the cables occurred at various depths below the surface.

Under-ice gage layouts. Because of the difficulties, it was necessary to adopt a
pattern of gage placemenrt in which the scaled siant gage distance was held constant,
rather than the scaled charge Jepth or the scaled gage depth. The denth of the gage
was determined both by the thickness of the layer oi warin ice and by tac depth of the
crater. It was found through experience that the .udius of wie true crawer was n the
order of 25 times the radius of the charge. One ¢ ' mnore gages were placed at this
distance, Two or more were placed inside the crater and two cvisicde. Standard slant
wistances for spheres of Atlas 60 Percent Straight Gelatin ard 1nilitoty Lxplosive $-4
{-which are of the same wiameter for a given weight of exples.se ars L.t.d .n lable 1V,
i ecause of continual ablation of the ice surface and the 1ap: e of time betweea placing
the g-ges and firing the shot, thc gage slant distances were remca~ured after the
charne had been placed and differ slightiy f~om the design disiances.

Instrumentation for airblast and under-1ce pressure measurenients. Three types
of gages (Fig. 16) were used to measure air and under-ice shock pressur:, Disk-
shaped or '"pancake'' gages with «ourmaline-crystal elements 1-5/8, or 2-1/4 in. cdiame-
ter were used to measure pressures 'n ai:, Underwater she k gages with tourmaliine
gage elements 1/4, 3,8, or 1/2 in, in diameter were used to meaz ..« 't " 1-i.e shock
pressure, A few undrr-ice s ck micasuremeants at distance. grecter tha. '\ voere
made using earth pressure gag s (Fig. 16, right) munufactur:d by the De aciment of
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Figure 16, Air and unler-ice shock guyer. Figure 17. Gage calibration,

Figure 18. Miller recording unit, Figure 19. Final check of airblasi
gage slant distances.

Figure 20. Preparation for Figure 21. Portoble. high ...»
contact burst instrurentati.n. lution, SIE reflec.ion seismoyp ~aph,




Table IV. Shock-gage scaled slant distances.

* :
Scaling factor \ is a distance which, in
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(Atlas 60 and C-4)

£m”* fir)
1.50 11,20
2.24 16. 0
3.36 25.00
5.03 37.50
7.56 56.25

feet, is numerically equal to the cube
root of the weight of charge W, in pounds.

Scientific and Industrial Research, Road
Research Laboratory, Hardmpndsworth,
Middlesex, England, The RRL gage is
3 in, in diameter and 5/8 in. thick and
is housed in an aluminum allory & laminated pile ot tour x-cut quartz crystals elec-
trically connected in parallel is contained w-.hin the housing.

The gages were calibrated in the field using a pressure pot (Fig. 17). The cali-
bration simulated dynamic conditions in that the voltage drop across the piezoelectric
gage was measuved as the calibration pressure was released wstantaneously from the
fluid i» which the gage was immersed.

Gage signals were r<corded nsirng o Miller recording unit (Fig. 18) containing
aicht dual-beam cathode-ray oscilloscopes and a rotating-drum camera, Millisecond
tiuay lines were imposed upon the records. One of the sixteen channels was used to
measure zero-time, another to measure the time of ice movement, and the remaining
to measure under-ice pressure or the pressure in the air.

In addition to under-ice shock measurements at positions designated in Table IV,
instrumented blasts were fired at shallow depths below the surface, attl ¢ surface, and
above the surface (Table V). The gage layouts are shown in the appendix (Figs. Al-23).
Slant distances in air for under-ice shots were measured from ground zero (Fig. A3).
Airblast gages were mounted as shown in Figures 19 and 20.

Figure 22. Placing geophones tv mea-
sure the three components of vibration.

Seismic mneasurements

A portable, high resolution, reflection seismograph (Fig. 21) manufactured by
Southwestern Industrial Electronics was available for the tests. The instrument could
not be calibrated under conditions in the field; therefore, the amplitude of vibration
could not be converted to absolute units of displacement. To offset this disadvantage,
*he arrival time and the frequency of each of the three components of vibiation {Fig. 22}

~uld be measured 1t tack of two geophone stations at specified scaled d:rtances from
t":.e shot point. It was possible also to measure the ' “hness .~ ;he 1ce al-mg a profile
from the cdge of the ice-cap to the explosicuns test site.

At scaled distances less than 1205 the geophones were driven u. ,<nd taeir limit
with the amplifier gain set at 1ts minimum value. Geophcne stations were -smanlisted
at standaxd distances of 200\ and 225\, and most records wer. .. nusiay the full
fi Juency rauge of 70 w 425 cps. A few mcasurements « - -~ .akeh at scaled distances
of ¢30, 275, 300, and 325\ . A total ..f 606 blasts was recorded. For 6 of these blasts,
pressurc measuremcnts were also made. Seismic measurements als, were taken of
one abo e-surface blast with each of the four tesi explosives (blasts 154b, ¢, d, and 2).

The time of arrival of the under-ice pressure uisturbance was measured by shock
gages placed so as later to be within and adjacent to the crater and by seismic gecshones
placed at scaled distances ranging from 200A (o 325\ . Uuder-ice ,hock gages were
placed at scaled distances ranging from 1.5\ to 7.5\. The average charge-ia-gage

a-

s e s B
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Table V. Instromented contact and near surface blasts,

|
]
;
|
Scaled {
1
i
1
l

depth of
chgzge |
.{IWT Explosive Blast no. Measurement i
-0.25 C-4 170-1/2 Airbiast
-0.50 C-4 170-3/4 Airtlz st x
Shallow -1.0 C-4 171 Ajrr st
und:r-ice -0.25 C-4 151 Airblast
blazts -0.50 C-4 152 and under-
-0.50 A-60 113 ice shock,
-1.0 C-4 153 Under-ice !
shock. |
Contact 0 C-4 170R Airblast .
bursts 0 A-60 110 Airblast {
and under- . ‘
ice shock. ’ |
H
1.0 C-4 154B Airblast !
Above 1.0 b0 154C and air- i
suriace 1.0 78 154D induced
bursts 1.0 58 154E under-ice
1.0 A-60 154F shock.

travel velocity was measured using all four types of explosive with charges ranging
irom 2,5 to 40 lb and at various positions above, in contact with, and below the ice
surface,

COMPILATION OF THE DATA |

The data are compiled and tabulated in the appendix so that either a conventional ‘
analysis or an analysis based upon the lLivingston crater equations may be made. A |
conventional analysis may be made using data sheets A and B, in which the various ‘
blasts are arranged in numerical order. Figure 10 shows the blasts according to the |
type of explosive, weight of charge, and depth of chai e,

Data sheet C gives the crater data arranged according to charge weight and type
in vrder of increasing charge depth, When these data are so arranged, the ctrain
ene gy factor, the critical depth, and the materials bel Ior index are consiiats for ‘
all shots on any given data sheet. |

Data sheet D summarizes sei.mic aw.a, arranged numerically by w44t number,
The a ~rage charge-to-gage velecity and the frequency ol each of the three ¢ ~uporents
of vibration arc .ecorded. 7! - frequency recorded is the averag: wf he ficst five
puls:

SYMBOLS AND NOMENCLATURE

Charge depth (dc)

Distance from surface to center of gravity cf charge,
Charge weight (W)
Net weight of explosive in charge,
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Crater shape factor (Ks)
The crater shape facter is the variable K... in the equation for crater -:lume

V= Ks T n

where V = volume
r = crater radius
h = crater depth,

If Kg equals 1/3, V is the volume of a cone. Thus a shape factor of 1,3 ind® ~ates
a conical-shapcd crater. A shape factor of less than 1/3 indicates a convex or
trumpet shaped crater. A shape factor of mo.e than 1/3 indicates a . save
shape or indicated conversion of the crater shape to parabolic or spherical form.

Catical depth (N)
The minimum depth (measured vertically from the surface to the center of gravity
of the explosive charge) at which the energy of the explosion is dissipated into a
mass of earth or rock without materially damaging the surface above the charge.

Depth ratio ( A)
Ratio of the depth of centc: -V gravity of the charge to the . ritical Cepth.

Energy utilization number (A)
Explained in text.

Flyrock travel height (T,)
The maximum vertical height above the ground surface to which particles from a
blast are thrown.

Materials behavior index ()
Txplained in text.

Optimum depth (d )
The depth at which a given weight and shape of explosive produce the greatest
volume of excavation per unit weight of explosive.

Strain-energy factor (E)
A measure of the energy absorption capacity of the medium in crater blasting.

N = E¥W

where N = critical depth {it)
W = weight of explosive (lb).

Stress distribution number (C)
Explained in text.

Figure 23 illustrates crater and camouflet nomenclature adopted here. It is similar
to that used by Waterways Expecriment Station for blasts in soils. However, practical
difficulties when blasting in rocks and frozen ground, and field conditions at the test site
“-r explosions in icez make it impractical accurately to delermine the limit of complete
rupture and the litmit of extreme rupture. The practice is to excavate all material loosened
Ly the blast, and to deacribe the rezulting excavation .. briitle ruaterials ..7 the “"true crater'.

EMPIRICAL EVALUA VION OF VENTING PHENOMEI..'.

Intraduction

The breakags process when blasting in ice appears to br & cu.ibunation of deforma-
tion without loss of cohesion and of d=formation in which fracturing occurs. As the
depth of the charge is increased at constant weight, a point is reached at which the
material is not fractured at \he surface or is not delormed beyond a specified limit.

B Sk ———— ] siain: S A —— Y~
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APPARENT CRATER TRUE CRATER COMPLETE RUPTUSE
DEPTH CF c6 ct
WIDTH 80 AE Ad
RADIUS 8¢:= Cd AC= CE HC=C3
OLUMNE BCOF REVOLVEDABOUT CF  ACES REVABOUT CG HCIF REVOLVES ABUT €I
(a)

CRATER DEPTH 1

N =
dc : CHARGE DEPTH
% = CAMOUFLET VERTICAL RADWS
' : RADIJS OF TRUE CRATER !
< fr = PADIUS OF COMPLETE RUPTURE
) R = GAGE SLAWT OSTANCE
¢ 7 : GAGE DEPTH y
€1z SLANT DISTANCE, TRUE CRATER RIM
¢ = RADWS OF RUPTURE

(c)

B oad

Figure 23, Crater and camouflet nomenclature.
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This d=pth is known as the “critical depth. " If the depti of the charge equals or is
greater than the critical dei.th N, deformatior, without lors of crhesion pri . minates.
The charge depth at which *he maximum volume ci materiat is broken per pound of
explosive is the "optimun: w.epth. " The weight of explosiv.. at that depth is i “op-
timum weight. " If the depth of the - .arge 1s less than the critical depth but greater
than the optimum depth d_ . fraciuring occurs and part of the energy of the explosion
is partitioned to the fracture process. If the depth of the charge is lcss than the
optimum depth, material isolated by the fracturing process is accelerated, the size

of th2 isolated particle is reduced, and partitioning of energy to the atmosiphere o ins,

Energy utilized in deforming the material without loss of cunesion is ;. ~vilable
to the fracture process. Ei. :rgy utilized to fracture and isolate the ma:eria. ‘rom its
surroundings is noi available fcr accelerating the isolated fragments. 1t follows that
energy utilized to accclerate the material or energy remaining in the gus bubble after
breakthrough to the surface is not utilized in prior events. As the secuence of events
begins at the instant of detonation with a disturbance propagated outwardly from the
explosion cavity, later events depend upon whether e¢nergy is available and upon the
cuaatity of cnergy available.

It is difficult to mecasure the q. anat; of encrgy utilized i1 cach event or to describe
it in absoiate units. It is possible, however, to obzzrve the development of each of the
various events and to relate the beginning or the ending of the event to the depth ratio,
which is 2 measure of the energy densi‘y in the material.

Evidence bearing upon the theory ~{ relative behavior of materials, upon cube-root
scaiing, and upon the partiloring of ¢cnergy to the breakage process may be obtained by
studying the height to whic™ the miaterial is thrown by the explosion. In following para-
g. -7+ the evaluation of the crater data begins with events that are later than those
comprising the breakage process. PRy doing so, it is intended to demonstrate that the
explosive and the material are not separate and indroendent variables, and that energy
utilized 0 impart motion is that left over and not requirecd for earlier events.

Flyrock travel height

Motion pictures were taken to record the maximum height to whicn particles of
ice were thrown when blasting with various weights and types of expiosive at various
depths below the surface. This maximum height divided by the critical depth is refcrred
to here as the "N-scaled ':rrock travel height.” Figures 24-27 summarize the variation
in N-scaled flyrock travel height with the depth ratio A.

A comprehensive analysis of flyrock travel phenomena is beyond the scope of the
present report, The data are sufficient, however, to demonstrate:

1) that the height to which the material is thrown is a {unction of the depth
ratio, and

2) that the breakaway velocity of the material at any given depth ratio 1s not
independent of the type of explosive or of the weight of the charee.

The maximum height to wkich mzterial is throw.. vy @ charge of given weight is
not always greater for a contact burst / A = 0) than f¢ ' an underground burst { A>0 ).
Nor does the r.aximum height appcar t5 depend upon the energy dens:iy of the explos:ve
or wpon the velocity of dctonation (Tabie 1I),

Altaiough the relation cannot be established positively at thi. o~ the Jefa suggest
the. ths N-scaled flyrock travel height for an underground burst :ncreases to a maximum
at the trensition between the fragmentation range (Livingston, 195%a) ind the airblast
range. At low values of A, (within the airblact range) upward acceleration of the
material appears to be influenced both by pressure within the rising gas bubble and “y
the velocity of the gas in its scouring action above the broken materias.

At depth ratios greater than the transit.on between the airblast range and the (rag-
mentation rang:, the strain energy factor K, the energy utilizition number A, and the
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Figure 30, Apparent crater
V/W vs A, CT7S,

APPARENT CRATT! V/W, CU FT/ LB,

APPARENT CRATER V/W, CU FT/L8

L T T [ T T

\
\\< ] 1 H
os

\
i
o 0z oe (2] 1o

CESTH RATIO &

Figure 29. Apparent crater
V/W vs A, C-4,

DEPTH RATIO A
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Figure 34, N-scaled apparent
crater radius, C7S,
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Figure 33, N-scaled apparent
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Figure 36, N-scaled apparent
crater depth A oi,
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Figure 38, N-scaled apparent
crater depth, C7S,
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Figure 37. N-scaled apparent
crater depth, C-4,
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materials behavior index B, :ppear to be parameters affecting ilyrock travel height,
Such an interpretation accouats for the variation in flyrock travel with vxploiives type,
materizls type, and the char,e weight at a given value of A.

The apparent crater

The "apparent' crater is the excavation as it appears to an observer immediately
after a blast at < depth sufficiently shallow that fall-back does not fill the depression
completely. The term as uscd here does not apply to charges that dome rather tha:
break the surface, nor does it apply to craters that are filled bey nd the ieve' of the
original ground surface by breken material falling back,

An apparent crater may be formed by an underground burst, a contact burst, or
an airpurst. A contact burst is one in which the depth ratio is zero. An airburst is one
for which, in convention used here, the depth ratio is negative,

When blasts were fired with 10-1b charges of each cf the test explosives at a distance
(in ft) above the surface of the ice equal to the cube-root of the charge weight (in 1b}), no
crater was formed. The lowcr limit at which a crater is 1cvmed in ice is somewhe.. ¢
in the region -1<\_ <0, but the exac. he‘ght at which the ice surface ceases to be damaged
by an airburst was not determined. The upper limit in ice (whese fali-back fills e
crater to the level of the original surface), deperds upon both the weight and the type
of explosive, It is at a depth ratio slightly less than the optimum A .

Figures 28-31 summarize the variaiion in V/W, volume of the: apparent crater
per puund of eplosive, with Acpth ratin A, Maximum V/W is reached in the region
0.18< A< 0, 30, depending upon the weignt of the charge and the type of explosive, The
apprarent crater is filled by fall-back and ceases to exist in the region 0. 52< A< 0. 58,
For a contact burst, V/W varies from 15 toc 40% of the maximum for an underground
burst, depending upon the weight of the charge and the type of explosive, The fact that
a single V/W curve cannot be used to represent the 2, 5-, 5,0-, 10-, and 20-1b charges
of a given explosive is consistent with variation in the N-scale flyrock travel height
with charge weight (Fig. 24-27). An increase in the flyrock travel height .s accom-
panied, for all types of explosive, by an increase in V/W of the apparerc crater., V/W
of the apparent crater and the N-scaled flyrock travel height both approach a maximum
value at low values of A.

Figures 32-39 show the variation in the N-scaled radius and depth of the apparent
crater with the depth ratio.

The height to which the flyrock is thrown and the dimensions of the apparent crater
depend more upon events subsequent to the breakage process than upon events coincident
with it, Both are greatest at low values of A, where the breakage process is inefficient.
Both are dependent upon the explosive, the material, and the scale of the experiment.

"' e observed relations are compatible with the theory of relative behavior of materials
and are cited here in 1is support.

CRATER EVALUATION THFZORY

Metl.-\d of evaluating the data

The methoa of evaluatiug crater date employed in following oy e n ditfe © somne-
whi.. from conventional cube-root sc.lin¢, iu tnat energy pa:.ii.oning and variation in the
behavicr o Jhe material with charge weight are taken into consideraticn, The method
embodies the '"theory of relative behavior of materizls" and makes use of the Livingston
crater equations. The equations were derived as a result of the Fort Churchill Blast
Tests (Livingston and Murphy. 1959), and the theory of relative behavicr of materials
was first stated when applying the equations to small blasts in loess and clay (Living-
ston, 1959a).
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Variables that exert the predominant influence on tne cratering process are:
1) the explosive
2) the geometry
3) the mnaterial,
Experience has shown that the expl.sive and the material arc not separate and inde-
pendent variables. Experience ailso has shown that the behavior of the material is not
necessarily constant, Moreover, depending upon the depth of the charge, a part of the
energy of the explosion is partitioned to the atmosphere and is not available to dc work
upon the material, The Livingston crater equations take into account the v 1iabjics
that affect the cratering process and may be classiticd as:
1) those involving a length or damage distance and containing coefricients
depe«nding upon the critical depth;
2) those involving volume measurements and containing coefficients depen-
dent vpon optimum weight.
The general equation is of the first type, and is:

3.
dc = ATVW (1)
where: dc is the depth of the charge, {t

A is the depth ratio = d./N

E is the strain-energy factot

W is the weight of explosive, ib.

Any linear dimenegiu. o1 a coater, & gage distance, or the distance from the shot
tv w giveun type of damage may be described using the gencral cquation and suitable
coetncients, The coefficients used here, such asK, to describe the radius of the true
crater and Kh to describe the depth of the crater, are N-scaled distances. Instead of
using the cube-root of the charge weight as a scaling factor, as is conventional, the
critical depth N = E JW is used. In some materials, dependent upon the scale of the
experiment and the range of charge weights, E is a variable rather than . constant,

The equation for crater volume is typical of the second type, It may be written in
the form

v/wW= E*ABC. (2)

Because of test geometry, and because charges of spherical shape were used (except
for 2.5-1b charges of Atlas 60}, the equation as applied to most of the blasts in ice
reduces to

V/W= 13AB, (3

' a charge of spherical shape and a given type and v +ht of exw osive is 'sed when
blasting in a given material, E and B are constants and the equation reduces to

V/W = K'A, {4}

The energy utilization number A of en 4 is the ratic of tF . veiume of the crater
at charge lepth dc to the volume at-a_utlmum depth, where fracturing reaches its
greatest stage of development. Since both the enerqy utilization num! ar and the vol-
ume of mater:ial broken per pound of explosive can bu measured with certainty, deviation
from cube-root scaling may be observed by compaiing values of v 'W 1t various charge
weights using a given explosive when blasting in a given material.

The interdependence of coefficients that relate to me«suremen.s of length and those
that relate to meas 'rements of volume is ac follows:
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K, (xvcr)‘s:h =:BC =K

where K = N-scaled crater volume ~ V/N3
K is the crater shape facto:
K: is the N-scaled crater radius= r/N
Ky, is the N-scaled crater depth= h/N,

Determining critical depth and optimum depth

As failure in blasting may be of the shock type, tue shear type, or the viz sus
damping type, and as certain of the principles set forth here are thought to be appli-
ci.ble io solids, liquids, and gases, the critical depth should be thought of as the depth

at which the displacement of the surface above the charge no longer exceeds a specified

limit (Livingston, 1959b), Suitable standards of displacement may be chosen for a
wide variety of materials such as rocks, soils, ice, snow, water, and air; and the
strain-energy equation may be applied not only to brittle-acting or to plastic-actingy
solids, but also to other materialz ¢~ the carth's crust, $o as to wstablish a standard
to which the factor that relates to deviation of the stresscd volunx. from spherical
shape can be referred, critical depth further is spccified as being measured in a
homogeneous medium using a given type of explosive and a charye of spherical shape.
Because of instrument limitations, it usually is necessary:

1} to measure displacement at some point otler than vertically above the charge;

2) to relate displacuinent to paciicle velocity or acceleration;

3) tc measure displacement using motion pictures;

) to measure displacement using standard survey techniques which record
permanent rather than maximum displacement;

5) to measure displacement using strain gages that mcasure relative rather
than absolute strain;

6) to relate displacement of the surface above the charge to failur: criteria
guch as:
a) the beginning of the slabbing action due to reflection of the shock wave,
b) the beginning of shearing-type failure at the explosion cavity,
c) the kzginning of doming of the surface sufficient to cause radial cracks
to form in materizls such as snow and ice,

As many as possible of the above methods should be used in the field, A sufficient
number of shcts should be made to pinpoint the critical depth at three or more charge
weights, and blasts should be fired with charge depths slightly greater and less than the
critical depth. Hence, it becomes unnecessary to exatr.polate for critical depth within
the ' -terval between a charge that is too deep and another that is too shallow,

writical depth may be determined by direct observaticn, supplemented, if Aesired,
by m tion-picture records. Some skill and experience . .quired, vecause Lrittle-

acting substances and less brittle-acting substances show different eifects, The unskilled

observer may find it necessary to r2sort to the "maximum radiuve of rup.i's 2" method
of dete~mining critical depth, The skilled ohbgerver also may use this methed *o supple-

ment his observations and to 2*ain evidence concerning the relative "eiastic’' or “"plastic”
b.

behav.: .r of the inaterial,

The max’ ~um radius of rupturec metnod as applied to brittle-acting materials con-
sists of computing the slant distance frem the center of the explosive charge to the
limit of extreme rupture at the ground surface. More plastic-acting materials are
domed at the surface before fracturing begins, and the slant distance is m:asured to
the limit of vertical uplift (see Fig. 23). The charge depth at which the slant distance
is maxiraum is the critical depth for a charge of given weight.

Uplift and doming ' ithout loss of cohesion of the surface above s contained explosive
charge does not occur in ideal brittle substances, Therefore, the slant dist.nce from
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the center of the charge to the limit of extreme rupture hecomes a vertical distance.

If the material does not behave as an ideal brittle substance, doming occirs, and the
slant distance exceeds the~ charge depth. The extent of the difference indi-ates the
ductility of the material, but is not a satisfactcry measuve of it becausc th.: behavior

of the material is dependent on th:. type and the weight of the explosive.* Low-encrgy,
low-~velocity explosives tend to minimize doming. Small charges also minimize doming -
both because of the scale of the experiment and because of the small volume of adjacent
material that is deformed plastically. The behavior of the material depends upnn the
energy densityT at the point of observation, Ductile behavior increascs as the vaergy
increases — or brittle behavior increases as the >nergy density decrcas. At dis-
tances approaching the critical distance for a charge of given weight, more of the
brittle than of the ductile effects becomes apparent to an ohserver,

Field experier~e shows that the 1naximum volume of material is oroken per pound
of explosive at that charge depth at which the surface is uplifted in nearly hemispherical
shape, and the pressure that remains within the expanded gas hubble inside the uplifted
material is insufficient to destroy the hemispherical shape before the uplifted iraterial
falls back, This chargc depth is taken as the opuirnurn depth, It is the depih ut which
the energy partitioned to the breakage process is maximum. Positive displacement
measurements at the surface beyond the crater substantiate field observations and
demonstrate that the scaled displacement of the material aporc iches a maximum at
that charge depth where the volume <. material broken per povid of explosive also is
maximum, The expulsion of flyrock and of plumes from the vented gas bubble at high
velocity is charactevisti~ of charges detonated at depths less than the optimum depth,

The energy utilization number A (available) relates to loss or incomplete use of
wvwiiable energy for the breakage process, and is 1,0 at optimum weight where frac-
turing reaches its greatest stage of development. At charge depths leas than optimum,
energy is left in the escaping gas hubble, or is used in fragmenting and accelerating
material previously isolated, As the total quiantity of energy released by a charge of
given weight remains constant, the quantity that is used in the breakag~ process is less
at other charge depths in which a crater is formed than at optimum depth, Accordingly,
A is less than 1,0 at charge depths other than optimum depth,

T The optirnum depth can be estimated by sight and hearing almast as accurately as
it can be determined by excavating, measuring, and plotting the variation of crater
volume with depth at constant charge weight. At a depth slightly less than optimum the
gas bubble breaks through, the hemispherical shape of the uplifted material is destroyed,
the noise of the explosion increases, the rate of acceleration of flyrock increases, the
type of fragmentation changes, and ground motion begins in a downward direction or
inward towards the vertically rising column of eiected material, A serics of motion
pictures of blasts at various depths recording the displaccment of the swrface above the
charge or breakthrough of the gas bubble; or a series of measurement. recording the
noise level or the air-blast pressure at a given porition will I ugeful in determining
the depth at which a new phenomenon begins or in pinpointing the critical depth or the
optimum depth,

Evaluation procedure
When blasts of various types of explosives and various o:guws 0f charge are fired,
it may he incorrect to assume that the behavior of the material is independent of the

* For a more complete discussion, see Livingston 1959a.

t The term '"energy density" is used with respect to the material as the disturbance
propagates through it in the saine manner that, in conventional terminology, 13 used
to describe the energy of an explosive per unit of weignt,
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26 EXPLOSIONS IN ICE

weight of the charge and of the type of explosive, Accordingly, a change in cherge
type or weight might be considered as being analogous to a change in matzrial,

Test conditions for explosi 1s were controlled as follows: charges of sphe . i
shape were detonated at the center of th~ ..harge and were plac. *4 below a near hori-
zontal surface of semi-infinite lateral extent, The diameter of the blast hole did n-it
greatly exceed the diameter of the charge., The hcle was backfilled with stemming
material and the stemming compacted.

The above "prototype'' conditions cause the str.ss distribution number G to 2qual
1,0, Under such conditions the parameters W, E, b, and C of the Livingltun crater
equations are constants for a given material, , weight of charge and explosiva, | . By
and B can be measured accurately, and C is fixed by the test corditions.) The otrain
energy facior E can be determined from  blasts at critical depth within limits of
accuracy that depend upon the variation in the properties of the material.

The materials behavior index B is computed from

[+)
B=-N-, .

Both y-o and N can be measured accurately,

The stress distribution number C provides a mesns of describing the effect upon
the breakage process of:
a) physical and geologic properties of the material such as alteration, degree
of cementation, stratification, ‘.edding, juinting, sheeting, and faulring;
b) the shape of the explosive charge;
-\ the geometry of the explosive charge with respect to the charge hole and
the material;
d) the type of stemming and its physical properties after compaction;
e) the method and the geometry of the detonation process.
Test conditions may be established so that C = 1,0 ~ as was done for these tests.
The energy utilization number A is a variable, For a blast at any depth

v
A=
vo
The volume of the true crater at any charge depth V and the volume at optimum depth
V can be measured with the same accuracy as the charge weight or the charge depth,
Limitations placed upon the analyst by the crater equations and by measurements
that can be made in the field with accuracy leave little choice when drawing curves to

summarize the data. These limitations become apparent if the crater equations are
analvzed, For example,

= & 2 =
ABC = <, ﬂ(Kr) Kh = K.

Accordingly, if K = V/N3 is determined, the product ABC aiso is determined; or if
& Ky and K are determined, then K,. is determined. sJso, since W "‘ B, and C.
for smale shot hlasts under prototype test conditions, are constants for q vel, nClght
of charge, explosive, and material:

a) the volume of the true crater is a constant (WEBC) ti=ics wie energy
utilizatiun aurber A;

b) tne volume of material brokenr per pound of explosive is a con tant (ESBC)
times A;

- c) the N-scaled crater volume K is a constant {BC) times A

Furthermore, the volume of the crater as measured in the field must satisfy all three
of the following equations:
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V= Ksﬂrzh
V = WE3AERC
V = KN3,

The following procedure is suggested in evaluating the data:

l)* Determine whether the strain energy factor is a censtant or a variable
within the range of the experimcits. If mnore than one type of explosive is used or if
blasis are fired in dissimilar materials, determine the variation in E for the tez*
conditions. -

2) Determine whether or not the materials behavior index is a « ;tant or
a variable within the range of the experiments,

3) Plot V/W of the limits of complete rupture vs A, to observe transition
limits between ranges of similar behavior,

4) Using the shape of the V/W vs A curves and the transiticn limits (which
occur at maxima, minima, or points of inflection), construct preliminary curves to
summarize the variation of _é with A, (Note: A = 1,0 at optimum weight).

5) Plot Kj, vs A uuing ‘¢ field data and the transiti, . limits. Average the
data, using smooth curves,

6) Plot Kgvs A using the ficld data and the transition limits, Average the
data, using smooth curves to obtain preliminary values of K at various values of A,

7) Calculate values of Er ~+ various values of A using the equation

K = fABC .
N KS " Kh

8) Compare values of K, determined directly from ficld measurements of
the crater radius with the calculated values to determine whether inconsistencies in
A or K appear. If so, revise the preliminary values of A and K.

9) Calculate V/W and V at various assumed values of A, making use of the
fact that V/W is a constant (E’BC) times A and that V is another constant {W E3BC)
times A,

10} Compare values ot V at any given value of A obtained from

VK wréh
V = WEABC
V = KN,

Critical depth and the t{rain energy lacior ]
The method of pinpointing was used in the 1icld to determine the critical depth, |

|

|

|

This metaod minimizes the number of shots to be fired and increases the accuracy N
witih which the deic.mination is made, The critical depth first was detcrrmined by |
"cut and try, " usiag I, 5-lb chargrs of Atlas 60 P~ .. Sira.gut Gelatuu ot various |
depths Lelow the surface to observe the minimum d-pth at which the charge was

completely contained. It wao deterinined, for example (see fig, 103 that critical

¢ oth was somewhere between 7.6 ft (shot H) and 8.6 ft (shot 15). Ao w1 soxsmate

value of E was calivlated, issuming N to be 8,0 ft, from

N=EJYW

and tested using a 5-1b chaige (shot 70), The process of computation and extrapolation
was repeated for other charge weights aad types of explosive, Field observation later

* Note: Steps 1 and 2 should be investigated during the 11eld work rather than after
the analysis begins,
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28 " EXPLOSIONS IN ICE

Table VI, Explosions in glacier ice,
Constaats for charge of spaerical shape

Materials Strain
Charge wt, behavior energy
W (1b) index, B factor, L E? BC BisC WEBC Al
Atlas 60 *
2.5 0.56 5.96 211.71 o0.40t 84,68t 2117t 0.67
5 0.55 5.96 211.71 0.55 116. 44 582.2 < 68
10 0.54 5,86 201,23 0,54 108, 66 1080.6 0.67
20 0.50 5.65 180.36 0.50 90.18 18¢3.% 0.65
40 0.38 5.41 158,34 0.38 60.17 2405.8 0.63
C-4 .
2.5 1.29 4.19 73.56 1.29 94.89 237.2 0.74
5 0.89 4.56 94,82 0,89 84, 39 422.0 0.71
10 0.67 4.79 109,90 0.67 73,63 736.3 0.70
20 0.51 4,91 118,37 2 R} o, 37 1207. 4 v. 68
40 0.32 5,00 25,00 0.32 40.C9 1600.0 0.64
Coalite 7S
&5 0.83 4,41 85,77 0.83 71.19 178.0 0.70
5 0.82 4.50 91.12 0.82 74,72 373.6 0.69
10 0.80 4.51 91,73 0.80 73.78 733.8 0. 64
20 0.78 4, BO 91.12 0.78 71.07 1421.4 0.63
42
Coalite 58
2.5 1.14 3.98 63,05 1.14 71.88 179.7 0.70
5 0,91 4.21 74.62 0,91 67.90 339.5 0.68
10 0,81 4,28 78.40 0,81 63,50 $35,0 0. 67
20 0.71 4,28 78,40 0,71 55. 66 1117 2 0. 66
40

* Estimated
1 valid only at A,

was supplemented by studying motion pictures of the blasts, The curved lines marked
"critical” on the correlation diagrams (Fig. 10) are the result of this study. Because
the lines are not straight on lug-log paper and do not follow a one-third slope, it fol-
lows that the behavior of the material is ot constant and therefore that geometric

« ‘larity cannot be achieved when employing conventional methods of cube-root scaling.
‘The curves for ull four types of explosives are concave downward, Dependiag upon the
type of explosive and the range of the experiment, the L.upe may ve either gacater or
less than one-third,

Values of the strain-energy tactor _l_-.._ arc summarized in Table VI. "1'e range of
values is from 3.98 to 5,96 and 1s greater for the smaller than for the large. chacges,
The maximum value of E for vach type of explosive within the ran.> -t i+ e.suriments
is a» J:llows: -

5,96 Atlas 60

5.00 C-4

4, 51 Coalite 7S

4. 28 Cozlite 5S.
The maximum value of E occurs where the slope of the tangent to the log-log curves is
one-third (Fig. 10),
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Optimum depth and the moterials behavior index

Essentially the same procedure was used 1in the field lo detesirine op.imum depth
as to determine critical d. sth, The criterion for optimwin depth determir «ty eight
and sound is that the blast must ca' =e the material to be :.lifted in igloo-shape without
noise znd without plumes being shot out. Motion picturcs of blasts at near op*imum
depth were reviewed, and graphs were constructed summarizing the variation of V/W
withA . The curved lines of Figure 10 marked "optimum' are the vesult, The curves
for all four types of explosive are concave downward, Their slope at any given p +sition
within the range of the experiments may be either greater .ha or less tha» one-third.
The flatter slopes occur at the larger charge weignts, In general, the siuv, is less
than one-third for blasts in glacier ice if the weight of the charge is gireater than 10 1b,

‘The depth ratios at optimum depth A, are summarized in Table Vi,

From the correlation diagrams and Table VI, one may conclude that the perfor-
mance of an explosive depends upon the charge weight, For example, the strain energy
factor for C-4 steadily increases with charge weight whereas the strain energy factor
for Atlas 60 steadily decreases for rharges heavier thaa 5 lb, At some weight 1 excess
of 40 1b, the performance of tne . 70 explosives may be similar, The parformance of
Atlas 60 at 2.5 1b is vastly superior to that ol C-4 relative to that particular ciergy
level at which the material begins to lose its cokesion., The data show that as the
charge weight changes, the bzhavior of the material also changes., We thus are provided
with experimental verification of the concept stated in the theoury of relative behaviur of
materials {Livingston, 19592, Ch, 1), that a chcnge in energy density within a given
material is analogous to 4 change iu tne type of material ai constant energy density.

The materials behavior index B is a ratio of lengths to the third power. Both the
length that is determined by V, and the length that is determined by N are dependent
upon the breakage process. These lengths describe the geometry of the breakage pro-
cess at two different stages — the stage where fracturing begins and the stage where
the fractures extend so as completely to isolate the material within the limits of com-
plete rupture from its surroundings. The en2rgy level within the mate ial at the begin-
ning of the breakage process is that at which the depth ratio is 1,0. At the end of the
process, the energy level is that at which the depth ratio is A,. Until additional basic
regsearch has been accomplished, it is nacessary to describe the materials behavior
index in relative rather than absolute units.

The variation in B with charge weight and explosive type is shown in Table VI,
Although B is a constant for a given material, weight of charge, and type of explosive,
it varies both with the weight of the charge and with the type of explosive. The view
held here, in accordance with the theory of relative behavior of materials, is that a
decrease in B with increase in charge weight rcpresents a decrease in the elastic
behavior, or an increase in the ductile behavior of the material.

It may be unwise to assume that the constants of Table VI apply witnout modifi-
cations to lake ice and to sea ice, It alsc appcars vise to 3¢ sume tic* the constants
apply tc all types of glacier ice, or for that mattes to ice of the ‘Thule ramp at all
termperatures,

TRUE CRATER EVALUATION

Variatiu.: of V/W of the true crater with A

it was impractical, because of conditions at the test site, to dilferentiate between
the limit of the true crater and the limit of complete rupture. When deternuning ‘he
crater limit, all material loosened by the blast was excavated. The crater walls a¢

* The fracture process in ice is determined by a shear rather than a shock failure
(Livingston, 1959b).
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excavated ~~obably represzut the limit of complete rupture as defired for blasts in
soils (USA ~WES, 1958) ard in snow (Livingstor, 19€0). When diasting i1 rocks and
in i~ozen ground, it is impractical also to detzarmine the limit as sefined ic soils.

It should be recognized, tharefore, that the “trre crater’ as detecrmineéd for orittle
substai.ces and as also determinec uere for ice may not we identical with the limit 2s
definzd for soils, for snow,® and for other materiais where the colored columsz tech-
nique is practical.

Figures 40-43 summarize the variation in V/W with the depth raticA . it is
evident that

1) the behavior of the material is not indr pendent of tne type of -+ ssive, and
2) that the behavior of the material is not independent of the weigi:: of the charge
o= -f the scale of the experiment.

Physical properties of the upper 2 {t of ice differ from those of the colder ice below,
and the effect ot the warmer surface layer is greater jor small than for large charges.
The 2.5-ib charges of Atlas 60 were of cylindrical shape oi height equal to diameter,
bu? all other charges were of spherical shape. Because of the test conditions, tk2 2.5-
1b charges of each of the test »x~iasives shoulu pe evaiuaicsd o2 - arately cs i in a difterent
material. The effect of charge shape must Le considered for 1he 2.5-1b charges of
Atlas 60C.

Eq 3 expresses the volume of material broken per pound of explosive, for charges
of spherical shape, as a function of tf.. strain energy factor £, the energy utilizatio=
numkba> A, and the materials behavior index B. -

V/W = E3AB. (3)

As E and B are constants for a given explosive and weight of charge, the variation in
V/W with A depends upon the energy utilization number A, which is a relative measure
of the energy partitioned to the fracture process. From «q 3 and Figures 40-43 it
follows that the partitioning cf energy to the fracture process varies wita the depth
ratio. At some value of A ( A, by definition), the quantity of energy partitioned to the
breakage process is maximum.

Applying a similar argument to the phenomenon of flyrock trav:l, it follows that
the maximum flyrock travel height must occur at that value of A where the proportion
of the energy of the explosion available to impart motion to the material is maximum.
From the law of conservation of encrgy, the cnergy partitioned to plastic deformation
and to fracturing the material is less at the depth ratio where T, /N is maximum than
that at higher values of A. This is in accordance with the relations of Figures 24-27
and 40-43.

Regardless of the detailed manner in which energy is partitinrned to the material
or to the atmospher~ and regardless of the sequence of events, it appen:s from com-
pgarison of the flyrock travel and the V/W relations “-r the trn- crater that:

1) energy utilized in deforming the mater:al without loss of cochesion is not
available to the fracture process,

2! energy utilized in deforming without less of cohesion Lad ir f.2rtaring tne
mate~ial is rot availabhle t9 accelerate the isnlated fragments-

3) the variation both of V/W with A and of T, /N w*l. 4 are dependent upon
the weis't and type of explosive, up.n the material, and upoa the shape of the charge.

See Explosions in snow for further discussion.
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Energy utilization number, !}_

Variation of the energy utilization number A with depth ratio 18 cummarized in
F.gures 44-47. The curve. were obtained by dividing the ¥/W v8 A curver « - .he
constant E3BC (Table VI) for type ar ' weight of explosive, The curves have not been
extended beyond A because the region was not explored fully. Points were ca’culated
for each blast from

v
A= v
o
where V is the volume of the true crater and V _is the volume at optimum u« h., The
position of the points with respect to the conespondmg curve indicates the dispersion
cs ihe data,

The curves are concave upwards at low values of A and concave downwards at
higher values, The depth ratio at the point of inflection depends both upon the type of
explosive and the weight of charge. The relations imply that the behavior of the ma-
terial is independent neither of the type of explesive nor of the weight of the charqg.
They also imply that partitioning u. energy to the breakare proce 88 changes from an
increasing function to a decreasing function at sorne particular charge depth, Aa a
first approximation, it appears that the transitice occurs at the iimit between the air-
blast range (Livingston, 1959a) and the fragmentatior range where V/W of the apparent
crater is maximum (Figs, 28-31) and tae height of flyrock travel (Figs. 24-27) also
is maxtmum,

Deoth of the true crater, Ky

The depth of the true crater is the sum of the depth to the center of gravity of the
charge,dc » and the vertical radius, r_, of the explosion cavity (Fig. 23).

Figures 48-51 show the variation of the N-scaled depth of the true crater Eh and
the N-scaled gas bubble radius K with the depth ratio. For example, except for
charges of cylindrical shape (2.5 lb Atlas 60), K. is larger for a contac: burst than
for a charge at optimum depth, It appears that K, and K, depend not only upon the
critical depth, but 4also upon the explosion pressure,

For charges of spherical shape K., varies with the weight of the charge, The
variation is less for a charge at optimum depth than for a contact burst, Part of the
obsarved variation may be due to physical properties of the 2-ft surface layer of 32F
ice. As the curves (Fig. 48) for spherical charges of 5, 10, 20, and 40 1b of Atlas 60
appear identical, the observed difference between the curve for the 2, 5-1b charge
(cylindrical shape) and the curve for the cther charges appears to be due to the effect
of charge shape,

Crater shape factor, Ks
The shape of the true crater may be inferred from the crater shape factor Kg
where

1t Ky o laas than 1/3, the crater is trumpet-shaped, If Ks = . /%, the crater is cone-
shaped. If Kg =2/3, the crater is hemispherical., If Kgis greater ti an 2/3, the crater
is bowl- or dish- -shaped. The shape varics with the depth ratio and appears to be :ndica-
tive of the mechanics of failure and of the scouring iction of the gas bubkle.

Figures 52-55 summarize the yariation of Kg with A, Because ot the dispersion,
the curves were computed using a ''cut and tryv" "method and the equation
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K = ABC

Values of K. and of Kg w~re adjusted to obtain the oest agreement betwe: t'.e com-
puted curves and the experimenta’ data. This resulted 'n a family of K, carves for
each type of explosive, except foi Coalite 55, where a single curve {its the test daiz,

The curves show that a coatact burst produces a bowl- or dish-shaped true crater
which changes gradually to hemispherical shape as the depth of the charge is increased
within the airblast range. A local maximum and a local mirimum occur withir ‘e
fragmentation range. The local minimum coccurs near the transition rrom the zirblast
range to the fragmentation range, and the local riaximum cccurs nezr in.  ransition
from the fragmentation range to the shear range. The variation in the shape of the true
crater -vithin the fragmentation range is considerably less than in the other ranges.
Such is consistent with the premises that a scouring action predomirates in the air-
blast range, particle size 1s reduced in the fragmentaticn range, and the material is
isolated from its surroundings in the shear range.

True crater radius, Kr

Figures 56-59 summarize the variation in the N-scaled true crater radius K,
with A. The curves were computed from

K = ABC
r = AR
using values of B fro.n table vi ana the curves for A, 53, and Eh‘
AIR AND UNDER-ICE SHOCK
Twenty-four instrumented shots were fired during the test program. A compre-

hensive analysis at this time is beyond thc scope of this report, and additional data
are needed. The following preliminary comments are intended only to aid future work.
Figures 10 and 11 show the charge weight-charge depth relations. 7Test conditions and

results are summarized in Figures Al-23,

Under-ice pressure records

The shape of the pressure pulse, although different than in water or in air, is
thought to be representative of materials that deviate {rom ideal elastic behavior. On
certain shots, higher pressures were recorded at gages beyord the crater than within
it, It is doubtful that this effect could be observed in an ideal brittle substance or in
fluids. Rather than being anomalous, it may represernt both the shape of the distur-
bance tha. proceeds outwardly fromn the explosion cavity in materials that fail in shear,
and a fundamental difference between shock and shear failure in blasiing, Shearing
failure predominates over shock {ailnre in ice, auu wie rise 1o rnaximunm pgressure at
scaled distances K greater than 1.5\  is gradual -ather than abruot., Failure, rather
than being caused—by the refiection of the shock wave, 1s due to omward fisplacement
I om the explosion cavity. Depending upon the deptn ratio of tne shst ¢ upon the ~2ge
vosition wiih respect to sanits of the votential crater, the gay. . “~zidly :ay be set in
. *otion before the maximum pressure 2t that distance 18 reached.

¥ 'gure 60 illustrates the variation in the shape of the pressur¢ nulse with distance
and the effect of depth ratio and of the place of ovservation upoa the chape. The lower
maximum pressure of record (¢} compared to record (b) (518 vs 783 psi) at the s-mc
scaled distance (3.3 \) may indicate that the direction of displacement is differert
for the deeper charge, and tha: the time at which movement begins also 1s different,
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When studying crater limits using a trenching machine, it was observed that incip.~ -
pianes of shear continue beyond the crater wolls if the depth of the chargs :avors
shearing rather than the tyne of deformation illustrated in Figure 14,

At scaled distances of 1.5\ or l»ss (record 79a), the shape of the prezcure puise
is similar to that in air,or in wate., but as the distance incteases, the shape changss
so that the pressure at the shock froat is small compared to that some distance behind
it.

Near-surface airblast and under-ice pressure

The presence of a nearby ice surface affects tue magnitude and shape . Joth air-
biast and under-ice shock records. Consistent with the 2W correction, the airblast
nrecsure for an ice-surface contact burst is higher at a given scaled distance than for
an airburst. A comparatively shallow depth of cover substantially recuces the airblast
pressure, Similarly, if the shot is fired at a comparatively small distance above the
surface of the ice, the under-ice shock is substantially reduced. A change in the mag-
nitude of the pressure peak due to the presence of the ncarby interface is accomyp nied
by certain characteristic changz. “u the form of the pressure '1 cord, As was observed
also for deeper under-ice shots, the pressure record is affect.d both by the de¢ sth ratio
of the shot and by the place of observation,

Figure 61 illustrates the effect of the charge position and place of observation upon
the shape and magnitude of the pressn.e pulse in air and under ice. The records were
choscn <o that the effect of distance upun the form and magnitude of the pressure pulse
is minimized.

Rcoccrds (a), (b), and (c) 1llustrate the variation i the shape of the pressure puise
w1 air in che range 3, 59\ <R<4., 25\ as the charge posit.on successively changes from
airburst to conlact burst Lo shallow underground burst. At the refercnce gage position
for a contact burst (position 9, Fig. A3), record (b) shows that a negative phase precedes
the positive phase. Tle form of the pressure pulse in air from a shallow under-ice
burst (record c) as recorded at the reference gage position (position 2, "ig. Al2) differs
from that for a coniact or airburst (record a). The low intensity shock first arriving
at the airblast gage is followed by a gradual pressure rise as the verted bubble rises
and engulfs the gage.

Records (d), {e}, and (f} illustrate the variation in the form of thie under-ice pressure
pulse at the range of composite air plus ice slant distance 2.17\<R<2,43\. The scale:!
distance through whirh the disturbance travels in air decreases and the distance in 1cc
increases as the charge positior is lowered. The depth of the gage below the 1ce surface
remains constant at 1.40N. The contact burst (record e) shows an initial pulse due to
the direct shock followed by a gradual rise of proccure within the ice., The gradual rise

ray be a result of air-induced under-ice shock as the expanding gas bublle swocps across
e ice surface. The under-ice pressure pulse due to the shallow bursi (Fig, 61) illus-
‘ rates the gradual rise to maximum pressure that 1~ *aractes. tic of d¢ "ver shots‘in
bubbly ice. The maximum pressure is lower for ti» under-ice burst than for the contact
burst. The lower pregsure (371 pei v 508 psi) at nexrly the same .aled :lant distaace
ag~in suggests that, depending upon the depth ratio and the gage position, gage may br
set into mot:cn before the -taximum pressure at that distance |+~ acled

Direct u: ?2r-ice shock

Figure 62 summarizes the relation betw=en maximum under-ics pressure and scaled
slant distance to the gage using spherical charges ot Atlas 60 Percent Straight Gelatin,
The observed relations are summarized empirically and are offered ..s preliminary data
subject to modification when an analysis 1s undertaken.
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A first approximation of the relation 4
between maximum under- ice prussure and ? H vt
scaled slant distance, independe .t of charge X000
depth and gage geometry, 1s giver ‘or under-
ice blasts of Atlas 60 by the equ: ..on

_ 10,000
Pm = X;.“

{Atlas 60 prelim,) o—

where P, is the maximuin pressure and A

2
;
is the scaled slant distance to the gage ks = R/\. E

Figure 63 summarizes the relation be-
tween maximum under-ice pressure and scaled

-
ity — e Ve g
i
———

slant distance for blasts of C-4, The equation J =t
: =+
7 —\-—--[
- 8 600 . —k ZAR BRBT Emr""
Pm = —’-———2_“ (C-4 prelim,) ki th j T
Xs A} ‘ \ L '__'_' 1L
is a first approximation and doee not take the ! )
depth ratio or the gage position 1atc account. ! . :l
| 1!
Air-induced under-ice shock T3, o

Figure 64 compares the observed air- SCALED OISTANCE-R/WS

induzad under-ice shock from two 10 1b Figure 66. Air blas! pressure, C7S.
charges of Atlas OC {"/lucte 1542, 152) with

tae shuck pressure produced by explosions of TNT in water (Cole, 1948) and {ree air.
ine gage geometry and the scaled slant distance to which the under-ice shock pressure
is referred are illustrated in appendix drawings Al and A2. The charges were of
spherical shape and were suspended in air at a distance of 1\ above the ice surface.

Near-surface air blast pressure

Withir. limitations of the available data, Figure 65 compares th: observed peak
overpressare from 10-1b blasts of C-4 detonated at I\ above the ir.e surface, in contact

with the ice surface, and at 0,56\ below the ice surface with the peak overpressure from

blasts of TNT in free air. The overpressure using C-4 appears to be comparable to that
using TNT. The overpressure from a contact burst is greatex than that in free air, and
the overpressure in air from a shallow under-ice burst is considerably less than that
from a free air blast.

Figure 66 indicates as a first approximation that Coalite 7S produces a lower ovzr-
pressure than TNT in {ree air.

SEISMIC MEASUREMENTS

A detailed analysis of the seismic measureme te¢ is beyona the scope of this report.
The following comments are of 2 preluminary nature and aze intenaed or'v te aid futurc
wourk. Figure 10 shows the charge weight-explosive type-chary. deptl: sclations inr
hlasts where seismic nicasurements were taken; and data she 't~ b ~oeuid the distance
«. the geophoues, the charge-to-gage travel velocity, anc the {requency of each of the
three ccinponents of vibration,

Eifect of charge depth at constant weight

Figures 67-69 are typical seismic records illustrating the effect of varying the
depth of the charge at constant weight,

ot o,
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Figure 76. Longitudinal wave velocity. Figure 77. Longitudinal wave velocity

for optimum and critical depths.

Record {a) for air burst sl.ot 154k sbevs the arrival both of the direct under-ice
shol' znd of the air-induced under-ice shock, The record of the direct under ice
shock 13 cnaracterized by vibrations of low amplitude, followed by vibrations of muach
higher amplitude. The record of the air-induced under-ice shock is characterized by
the high ampiitude of the longitudinal component, the moderately low amplitude of the
transverse component, and the very low amplitude {or the apparent absence) of the
vertical component,

The amplitude of the vibrations first arriving at the geophones increases as the
charge depth increases. The fact that the record for a blast at optimum «depth (c})
differs from that at near critical depth (d) suggests that seismic effects are not inde-
pendent of breakage effects.

Effect of charge weight at critical depth

If critical depth is used as point of reference, the form of the record is not affected
by the charge depth; and seismic measurements may be correlated with the breakage
process, because all of the energy of the explosion is partitioned to the material and
f»__taring is about to begin, At critical depth, all of the energy of the explosion 18 par-
«tioned to processes that precede fracturing. In glacier ice, these are: 1} deformation
without loss of cohesion, 2) seismic effcots, and 3) heati..y and meiung of the cavity
walls.

Figures 70-72 are typical vibraiion mvasurements in glacter ice at a scaled dis-
tance ¢, 200\ from blasts of 2.5, 10, and 40 1b of C-4 at critical deptr.. The “uration
of high amplitude vibration inci.ases with charge weight — otherwi..., *'c recusds for
a give.. ro.npunent are similar, If geometric, kinematic, and dynamic similarity were
achieved and tue behavior of the ice were independent of the scale of the « xperiment,
the duratior of vibration would be expected to scale with the length-scale ratio. For
example, the duration of record (c) (40 1o} in relation to record (a) (2.5 1b) would be
expected to be in the ratio of the cube-roots of the charge weights, or 2.51 times
greater.
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Seismic velocity vs charge-to-pressure gage shock velocity

Region near the charge. Figures 73-75 are isometric drawings in which the
charge-to-pressure gage shock velocity is reierred both to the scaled distance and to
the depth ratio when blast‘~g, The variation of the under-ice shock veloc’. -Jith
charge-depth, explosive type, and =-aled slant Jistance gpears to be as foilows:

1) If shock gages are placed at given scaled siant distances, the uncer-ice
shock velocity of blasts at a given depth of charge depends both upon the type and the
weight of exploasive,

2) If thock gages are placed in the range where plastic deformatiun anc ‘rac-
turing occur, the under-ice charge-gage shock velocity approaches a raini ~um if the
charge is placed at the optimum depth for a given type of explosive and we:_ it of charge,

3) When blasting at optimum depth with a given explosive and weight of charge,
the under-ice charge-to-gage shock velocity increases with the scaled distance, in the
range where fracturing predominates over plastic deformation.

Region remote from the charge. The region in which the under-ice shock velocity
was observed to vary with depth ratio and scaled slant distance: it small compard * lo
that in which seismic measurc:i - s usually are made, The scaled distance to the
most remote shock gage is less than 5% of that to the nearest yeophone, The path of
the disturbance from the blast to the geophone probably is longur than the measured
horizontal distance, A variation in charge-to-gage velocity such as obsesved close to
the shot becomes increasingly difficvii to detect at greater distances.

Figure 76 summarizes the relation between distance and time of arrival of the
longitudinal component ol viprati~n fo. all blasts, independent of explosive type, charge
weright, »r charge depth, Figure 77 sumimarizes similar relations for blasts at optimum
dupus and critical depth only, It appeasrs that dispersion increases if parameters such
as the weight and type of explosive and the depth ratio of the charge are disregarded,

The relations suggest that when seismic measurements are to be used to supple-
ment studies of the breakage process, both 1) energy partitioning to the material,
and 2) the change in behavior of the material with the depth ratio must L. taken into
account when planning the experiments and when evaluating the measurements,
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APPENDIX

Data Sheets
A. Blast hole and apyarent crater data.

r. = Charge rad’ = {ft)

\: = Charge weight (1b})

0y = 'Tonnage utilization factor
dc = Charge depth (ft)

h = Compression distance (ft)

T_ = Flyrock travel height (ft)

N = Critival depth (ft)

v = Initial flyrock velocity (ft/secc)
h' = Apparent crater depth (ft)

r' = Apparent crater radius (ft)

¢! = Max radius of rupture (ft)

Kh.= h'/N
K= r'/N
Kc'= c¢'/N
V' = Apparent crater volume {ft3)

B. True crater & vasarenic.ts a.d energy utilization factors.
V, = Avg total volume {{t3)
v = Model total volume {ft3)
= Crater depi! (ft)

-3
o
8

= Crater shape factor
Crater radius (ft) (Plan)
r/N

h/N

V/N3

Strain energy factor

n

®n R 1T R T
-
"

I~
LI I}

Depth ratio

= Energy utilization numbe:

Materials behavior index

a9 »p B R
]

Stress distribution numoer
1 for these tests

ABC - Compare to N-scaled crater volumie ¥ ‘1o which it is nnunierically equal,

C. Crater coefficients (same symbhols as Data sheets A-B).
D, Seisti ¢ dala.
F.,ves Al-23, Shock data.
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Cci Data sheet C:
Hale dc(_ﬁ) a vIw F=ViN K,r‘lin‘h
no.
Atlas 60 (2.5: E=5.96 N=8.:7
F -1.89 0.23 30.78 c -4 .46
E -2.36 ¢©.29 42.58 [ g 0.50
[+ -3.61 0.45 76.81 535 0.4
A -5.74 ©0.59 6b6.32 %.51 []
D -4.95 0.2;
B -¢.20  0.%7
G -~6.50 0.84
H -7.58 0.9% 17.93 0.084 0.22
75 -8.61 1.06
Atlas 60 {5.01b): E=5.96 N=10.20-B=0.55 C=1.0
108 -0.21 0.02 9.9 0.047 0.50
79 -0.40 0.04 1!6.40 0 077
78 -5.88 0.09 21.68 0.10
. -1 32 0.18 28.39 C.1s 0.46
76 -3.80 .37 55.30 0.26 0.42
74 -6.69 0.66 116.93 9.55 0,31
71 -8.14 O.sv
70 -10.09 0.39
Atlar (3 {10.01b). E=586 N=12.60 B =253
154C  +2.15 -0.17 0.0¢
154F +2.15 -0.17 0.00
110 .00 0.00 6.36 0.032 0.69
107 -0.35 0.03 9.20 0. 046 0.52
126 -0.62 0.05 20.29 €15 0.75
113 -1,20 0.10 14.33 0.072 0.7
105 -2.31  G.18 22.43 0.l 0.48
115 -4.93  0.39 49.52 0.25 0.43
116 T a5 065 Si.ie 9,4+ S 32
72 -9.32 079 70.C2 R
Y -12,10 9O 96
Atlz, ‘2 01 E-565 N=15.30 B =0.50
95 -4.05 0.26 25.27 0.14 0.46
96R  -6.15 0.40 32.16 0 IR 0.38
97 -7.46 0 4 59,01 0.33 0.45
99 -8.95 9.58 84.17 0.47 0.38
100 -10.10 0.66 97.21 0.54
98 -12.01 0.78
Atlas 60 (40.01b) E:=5.41 N =18,50 B =0.38
104 -8.10 .44 54,54 0. 34 0.56
102 -12.16 0.66 0.30
103 -18.67 1.9
C-4 (2.5 Ib). =419 N-.570 B:=129 C=1.0
8 -4,20  0.74 96.38 1.30 0.45
7 -5 97 1.05
¢ -4 (5.0 1bj. -4,56¢ N-7.80 B:0.8 C-1.0
170 0.00 0.00 7.5! 0.079 0.72
I70R  0.90 0,00 7.21 0.076 0.72
172 -0.23 0.03 10.91 011 o, 61
.0 -0.46 0.07 93 9.099 2.56
iud e 96 0,14 14.s0 0.17 0.58
i -1.20 0.18 22,83 0.24 0.74
171 -1.65 0.24 21.21 0.22 0 56
2 -2.06 6.30 31.1» 0.33 0.73
3 -3.73 055 31.57 0 33 9.«
6 -5,34  0.79 73.13 077 9. 29
4 <3 66 0,83
5 -8.22 1.l
C4, w0} E-2,79 N=-10.30 B:=06.67 C
LE-T ) RO L 3 | 0.00
1 -0.32  2.03  10.95 9.10 0. 69
i6 <0.(. 0.06 27.17 0 25 0.57
i0 -1.51 0,15 17 a7 0.16 0 74
11 =317 0.31 38,3 0.35 0. 56
12 -5.20 0,30 44,87 0.41 0.6
13 -7 2 070 33 88 049 0,32
11 -8.59 0 83
15 -10.30 1,00

»
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Data sheet C (cont'd). cz
!l:-c dc(h) A viw K=Y/ K.tVIft'b Azﬁ'v. K:rl!l l.=l:!ll ‘cfc.‘ii K“=t'nl

C-4(20.0) £:4.91 N=13.30 8:0.51 C=1.0

22 -0.03 0.002 1.77 0.0fc .67 S.13 0.43 8.17 .42 017
23 -0.38 0.03 12.10 0.1; e.78 0.22 0.51 ¢ 20 €.52 9.17
151 -0.83 0.6 16.95 5 0.42 0.28 G.54 0.7 0.¢1 23
52 -1.53 0.12 14.00 0.1z 0.53 0.23 0.57 9.22 0.53 .10
24 -2.37 6.28 23.53 0.2¢9 0. .39 0. 64 0.29 @.35 0.12
25A -2.92 90.22 25.85 9.22 L.58 0.43 0.73 0.35 0.68 9.:3
153 -2.94 0.22 19.% .17 .47 0.33 0.57 0.36 2.68 0.14
25B -4.65 0.30 35.%7 0.31 0.53 0.59 0.64 0.45 0.74 0.14
26 -6.07 0.46 471.23 0.4 0.46 0.78 0.70 0.52 0.8 a.11
27 -8.17 0.6Z 60.39 0.51 0.46 0.9 .70 0.73 0.92 e
154 -9.33 0.70 0.78 1.22
27 ~-12.98 0.98 1.07 3.035
C-4(40.01b): E=5.00 *:=17.10 B=0.32 C=1.0
157 -7.39 0.43
15, -3% 07 0.65 40.52 0.32 0.28 i.00 0.73 6.70 0.93 0.049

156 -16.95 ¢©.99
Coalite 75 (2.51b): E=4.41 N=6.0 B=0.83 :=1.0

o -4.09 0.68 72.47 0.84 0.34 1.01 1.04 0.67 1.42 0.052
87 -5.97 0.99

Coalite 7S (5.01b): £E=4.50 N=7.70 B-0.82 C-;.0

60 -0.32 0.04 12.%7 d9.14 0..:7 LS ¥ 4 0.54 0. 0.74 0.13
61 -0.51 0.07 12.73 0.14 0.55 0.17 6.5i 0.24 0.81 0.1/
62 -1.4¢ 0.19 2319  0.25 0.59 9.31 0.c6 .32 0.83 0.13
63 -2.48 0.32 3379  0.48 0.59 a2.58 0..5 .15 1.00 0.13
64 -3.84 0.50 5516  0.60 0.54 0.73 0.79 0 57 1.08 0.071
90 -4.89 0.64 67.67 0.74 0.47 0.90 0.87 0.63, 1.08 0.040,
85 -7.28 0.95 1.06 1.23 0.i2

Coalite 75 (10.01b): E=4.5! N:=0 .2 £:0.80 C:1.0

13D 42,15 -0.22 0. 00

65 -0.49 0.06 14.18 0.16 0.63 0.19 0.51 0.31 0.53 0.26
66 -0.92 0.10 18.17 0.20 0.44 0.25 0.59 0.41 0. 60 0.32
67 -1.72 0.20 18.77 0.21 0.65 0.26 0.59 0.29 0.82 0.1t
68 -3.39 0.39 28.56 0.31 0.45 0.39 0.72 0,43 0.81 0.077

120 -6.00 0.68 105.59 1.16 0.46 1.44 1.04 0.74 1.21 0.12
69 -7.01 0.80 19.29 o0.21 0.18 0.26 0. 66 0.86 0.97 0.14
8 -9.74 1.00 1.11 0.11

Coalite 75 (20.01b): E =4.50 N:=12.20 B=0.78 C=1.0
80  -0.55 0.05 6.25  0.069 0.81 0.089  0.42 0.16 ©.56 0.11
81 -1.01 0.08 9.67 0.11 0.60 0.14 0.52 0.21 9.52 0.13
82 -z.21 0.18 18.53  0.20 0.54 0.26 0.62 0.32 9.74 0.14
83 -4.33 0.35 43.85  0.48 0.50 0.62 0.83 0.44 1.04 0.088
84 -7.80 0.64 66.66 0.73 0.49 0.95 0.81 0.73 1.06 0.074
89 -12.19 1.00 113 0.135°*

Coalite 55 (2.51b): E=3.98 N=541 B=1.14 C=1.0
30 -0.23 0.04 7.38 0.12 0.82 0.10 0.50 0.18 0.92 0.13
31 -0.48 0.09 4.70  0.074 0.57 0.065  0.47 0.18 0.55 0. 096
38 -0.54 0.10 8.02 0.13 0.54 0.11 0.64 0.18 0.67 0. 085
37 -1.09 0.20 10.55  0.17 0.53 0.15 .58 0.30 0.83 0.094
32 -1.27 0.23 12.04 0.19 G.53 0.17 0.62 0.30 0.72 0.07¢
e -1.T4 0.32 23.28  0.37 v.59 0.32 0.71 .40 112 0.07¢
33 <2.52 0.47 2l.is  0.33 0.42 0.29 0.70 0.51 0.8 0.046
39 -3.44 0.64 70.20 1.11 0.59 0.98 o 07 1.5u 0.094
3 -4.38 0.81 25.14  0.40 0.42 0.35 0.77 0 51 1.16
35 -5.74 1.06

Coalite 55 (5.01b): E=4.21 N:=7.20 B:0.91 C - 1.0
40 .38 0.5 8.36 0.11 1.17 0.12 0.47 0.i4 .74 0. 086
41 -1.0: 0.3; 13.8  0.'" 0.54 0.20 0.63 0.2. 545 0.13
42 1.39 0.12 12.32  0.17 0.50 .18 0.58 6 9.79 2.1
43 T 4K 0.48 24.63  0.33 0.4i 0.36 0.70 0.:2 0.88 9.039
44 -4.88 . 63 63.20  0.85 0.43 0.93 0.92 0.74 119 0.058
45 -6.90 0.96 1.04 129 0.033

Coalite 55 (10.01b): L =4 28 N:=9.20 B=0.81 C=1,0

1R4F. +2 15 -0.23 0.060

46 -0.44 0.05 6.60 0,085 0.52 0.10 0.49 0.20 0.48 0.15
47 -0.72 0.08 803 0.10 0. 51 0.13 0.53 0.22 0.54 0.14
48  -1.36 0.15 26.03  0.33 0.67 0. 41 0.75 0.28 0.84 013
49 -2.74 0.30 22.26 0.29 0.49 0.35 0.68 0.40 0.83 0.11
5  -6.13 .67 68.6. 0,87 0.48 1.08 0.93 0.67 115 0.05
51  -9.07 0.99 1.10 n

'Ettimated data




Cc3 Data sheet C (cont'd).
i::u dlf) & V/W KVIN K SVim'h AVIV, K v/N K chiN K.c/N K_:=r /N

Coalite 55 (20.01b): E=4.28 N=11.60 B:-0.71 C=1.0
52 -0.54 0.05 7.49 0.0¢ 0.79 0.13 0.45 0.19 0.¢5 " 14
53 -0.93 0.08 10.17 0.123 0.57 0.18 0.62 0.19 0. 61 -1
54 -5.79 0.15 12.19 0.:é 0. 5% 0.2z 0.57 o 26 0.53 .10
55 -3.69 9.31 25,19 0.32 0.4/ 0.45 0.73 C.43 0.82 .11
56 -7.73 0.67 57.20 0.73 0.43 1.03 0.85 0.76 .11 0.v22
57 -11.46 0.9 1.01 1.59 0.021




< A DB CBAR B 1O Y

Data sheet D: Seismic data. D1
A R Frequency®
i PeEre.  W(b) Scled A:¥W  Jugdis R Velxityio @7 . &
‘ charge tance (ft) Y jug {it/secj L H
: depth
Military explosive C-4
. 1-1 5.0 .70 1.71 228 135 9,74 100 2.2
1-2 " " " 2 133 8,14¢ 100 23.2
' 1-3 - " " 228 133 9,910 100 29.2
' 1-4 " " " 171 100 9, 500 125 21.9
1-5§ " 1 " 171 100 9,500 143 21.9
1-6 ] " " 171 100 9,500 200 1.1
2-1 " 1.20 " 228 133 10, 360 167 23..
2-2 " " " 228 133 10, 360 3 25.2
: 2-3 " " . 228 133 10, 360 167 29.2
Z2-4 " " " m 100 10,060 167 2.9
2 5 " " " 171 100 10, 660 125 21.9
2-6 " " " 171 100 10,690 143 21.9
3-1 " 2.18 " 228 133 10, 360 130 29.2
3-2 " " " 228 133 9, 500 91 29.2
3.3 " " " 228 133 9,910 111 29.%
3.4 " " " 171 100 9,500 143 %0
3.5 " " " 17: ids 9, 500 83 2.y
3-6 " ' " HI 100 16,060 100 21.9
4-1 " 3.30 " 385 225 9.4
4-2 " " " 385 225 49.4
4-3 " " " 385 225 49.4
4-4 " " " 242 200 43.8
4-5 " " " 342 290 43.8
4 b 1" " I 42 200 43.8
5-1 " 4.8° " 285 225 100 49.4
£.2 " " " 385 225 111 49.4
ERE Y " " " 385 225 167 49.4
5.4 " " " 342 200 200 43.8
5-5 " " " 342 200 125 43.8
5.6 " " " 342 200 333 43.8
7-1 2.5 3.49 1.36 272 200 10,880 125 47.7
7.2 " " " 212 200 9,710 125  47.7
7-3 " " " 272 200 10, 460 167 47.7
7-4 " " " 306 225 10,550 2490 53.7
7-5 " " N 306 225 10, 200 143 53,7
7-6 " " " 306 225 10, 550 143 53.7
8-1 " 3.09 " 272 200 10, 460 143 57.7
g-2 " " " 272 200 10,070 125 57,7
8-3 " " " 272 200 10, 460 125 57.7
8-4 " " " 306 225 10,930 167 53.7
8-5 " " " 306 225 10, 200 111 53,7
g-6 " " " 306 225 10,930 143 53,7
10-1 5.0 0.88 1.71 288 168 9,930 91 28.0
10-2 " " " 288 168 9,930 111 28,0
10 -2 " " " 288 168 9,930 167 28.0
i0. 4 " " " 216 126 9,818 200 2.0
10-5 " ' " 216 126 9,818 250 21.0
10 -6 " " " 216 i2e 10, 290 .25 21.0
11 -1 10.0 1.47 2.15 126 226 10,800 91 47.2
11 -2 " o " 4506 226 10,125 128 47.2
11 -3 " " 466 226 10,565 125 47,2
1! - 4 " " o 432 200 10, 540 lad 41.9
11 -5 " " " 132 200 10, 290 77 41.¢
‘1.6 " ' ' 432 200 10,540 it 41.9
i " 2.42 " 288 134 E AR 143 28.0
12-2 " " " 288 134 9, 600 11l 28.0
12-3 " " " 288 134 10, 290 125 28.0
12-4 " " " 21¢ 100 10, 290 143 21,0
12-5 " " " 216 100 9,820 7 21.0
12-6 " " " 216 100 10,290 100 21.0
13-1 " 3.36 " 486 226 10,800 167 47 2
13 -2 " " " 486 226 10,570 200 47.2
13-3 " " " 48¢ 226 11,050 200 47.2
13-4 " " " 432 200 11,080 167 41.9
13-5 " " " 432 200 10,800 280 41 9
13-6 " ' N 432 200 11, 080 i43 5.9

*Avg of first five pulses
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D2 Dcta Sheet D: (cont'd)

:

i

' Blast and o R Frequency*
l

V

jug no. Wab)  Scaled A =UW Tugdis- = Yelocuyio {coe) ¥
charge T tance(ft) A Jag ltrscel L v
depth
Military explosive C-4 (cont'd)
14-1 10.0 4.0 2,15 486 22 11,37 143 47.2
14-2 " " " 486 226 11,¢50 125 47.2
14-3 ” " " 486 226 11,300 167 +7.2
14 - 4 " " " 32 200 11,080 200 41.9
14-5 " " " 432 200 10,800 250 41.9
14-6 " " " 432 200 11,370 12F 4.9
15 -1 " 4.78 " 486 226 11,050 100 4. -
2 15-2 " " # 486 226 11,050 H 47.2
B 15-3 " " " 486 226 11,050 143 47.2
" '5-4 v " " 432 200 11,370 250 41.9
15 - 3 " " " 132 200 11,080 1i1 41,9
15-6 " " " 432 200 11,080 125 41.9
24 -1 20.0 0.87 2.7 610 225 10,890 71 45.9
24 -2 " " " 610 225 10,520 83 45.9
24-3 " " " 610 225 10,890 83 45.9
21- 4 " " " 342 200 10.530 200 40.°
24 -5 " " " 542 2% 19, N~ 167 40,
24 -6 " " " 547 240 16,630 + 07 40.8
25A - 1 " 1.78 " 610 225 10,890 91 <5.9
25A - 2 " " o 610 22¢ 10,520 83 45.9
25A - 3 " " " 610 225 10,890 200 45.9
25A - 4 " " " c42 200 10,840 91 10.8
25A - 5 " = " LT 200 10,630 100 40.8
254 - 6 " " " 512 200 10,840 167 40.8
25B - 1 " 1.48 ' (10 225 10,890 45.9
25B - 2 " " " 610 225 10,890 45.9
28 . 3 " o " 610 225 11,090 45.9
Z25B - 4 " “ " 542 200 10,840 40.8
25B - 5 " " " 542 200 10,630 40.8
25B - 6 " " " 542 200 11,060 40.8
26 -1 " 2.24 " 610 225 10,890 7 45.9
26 - 2 " " " 610 225 10, 340 71 45.9
26 -3 " " " 610 225 10,890 167 45.9
26 -4 " " " 542 200 10,840 125 40.8
26 - % " " " 542 200 10, 040 100 40.8
26 -6 " " " 542 200 10,840 200 40.8
26B - 1 " 1.50 " 610 225 10,520 91 45.9
26B - 2 " " " 610 225 10, 340 91 45.9
26B - 3 " " " 610 225 10,520 100 45.9
26B - 4 " " " 542 200 10,630 83 40.8
26B - 5 " " " 542 200 10,630 91  40.8
26B - 6 " " " 542 200 10,840 200 40.8
29 -1 " 4,78 " 542 200 11,060 100 40.8
29 -2 " " " £42 200 10,840 143 40.8
29 -3 " " " 542 200 11,060 83 40.8
29 -4 " " " 610 225 11,300 71 5.9
Q-5 " v " 610 225 t1,090 111 45.9
-6 " " " 610 225 11, 300 " 25 45,9
Coalite 55
30-1 2.5 0.19 190 T2 200 50,3
3 2 " " " 2te 200 50.3
30-3 o " " 272 200 80 ¢
-4 " " " 306 225 56.6
w 5 " o " 306 225 56,6
30 -6 " " " 306 225 56.6
-1 " 0.32 " 272 200 10, 460 ..00 50.3
31 -2 " " " 272 2on 10, 460 167 50. 5
31 -3 " " " 212 200 10, 60 250 50.3
31 -4 " " " 306 225 10, 200 ~00 56.6
31 -5 " " " 306 225 10, 200 200 56,4
31-6 " " " 306 225 10,930 00 56.6
32-1 " 0.93 " 272 200 10,270 143 50.3
32.-2 " " " 2i2 200 9,710 125 50.3
32-3 " " " 272 200 10,070 200 50.3
l°'Avg of first five pulses




s

Data Sheet D: {cont'd) D3

Frequency®

Blast and A R
Jug no. W (1b} Scaled \ = ¥W  Jug dis- % }':h&:z‘::) (cps) %
charge tance {&t) R L v T

; depth

: Coalite 5S {cont'd)
32-4 2.5 0.93 1.36 306 225 i¢, 200 167 56.6
32-5 " " " 306 225 } ,200 143 56.6

J 32-6 1 " " 306 225 10, 200 167 56.¢
34-1 " 3.22 " 27 200 125 50.3
34-2 " " " 272 200 125 50.3
34-3 " " " 272 200 125 50.3
34-4 " " " 306 225 200 LR

’ 34-5 " " " 306 225 190  So.6
34 -6 " " " 306 22> 100 56.6
36 -1 " 1.28 " 272 200 10,880 200 50.3
36 -2 " " " 272 200 10,070 125 50.3
5.3 " " " 272 200 1u, 880 200 50,3
36 -4 " " " 306 225 10,930 200 56,6
36-5 " " " 306 225 10, 200 125 56,6
36 -6 " " " 306 225 10,3230 143 56.6
37-1 " 0.80 " 212 200 10,460 143 50.3
372 " " " 272 200 10,460 167 "3
31-3 " w " 272 L 10,886 143 26.3
37 - 4 " " " 206 225 10,935 167 56, 6
37-5 " " " 306 225 10, 200 167 56 6
37-6 " " " 306 245 10,556 125 56.6
40 -1 5.0 0.22 1.1 342 200 10, 360 200 41.5
40 - 2 " " " 342 200 10, 369 167 471.5
40 - 3 " " " 342 200 10,690 200 47.5
0-4 " " " 385 225 10,690 250 53.5
40 - 5 " * ‘ 385 225 16,130 143 53.5
30 -6 " " " 385 225 10,690 200 53.5
MR | 20.0 0,20 2.71 542 200 10,840 125 46,7
52 -2 " " " 542 200 10,840 100 46.7
52-3 " " " 542 200 11,060 143 46,7
52 -4 " " " 610 225 11,090 200 52.6
52-5 " " " 610 225 10,700 111 52.6
52 -6 " " " 610 225 11,090 111 52.6
53 -1 " 0,34 " 542 200 10,840 .5 46,7
53 -2 " " " 542 200 10, 630 125  46.7
53-3 " " " 542 200 11,060 143 46.7
53-4 " " " 610 225 10,890 200 52,6
53-5 " " " 610 225 10,700 111 52,6
53 -6 " " " 610 225 10,890 111 52.6
54 - 1 " 0,66 " 542 200 11,060 125 46,7
54 - 2 " " " 542 200 10, 230 91 46,7
54 - 3 " " " 542 200 10,840 125 46,7
54 -4 " " " 610 225 10,890 125 52,6
54 -5 " " " 510 225 10,700 100 52,6
54 - 6 " " " 610 225 10,890 91 52.6
55 -1 " 1.36 " 542 200 10,840 111 46,7
55 - 2 " " " 542 209 10,630 111 46,7
55-3 " " " 542 200 10,840 125 46,7
55 - 4 " " " 610 225 11,090 PR 52,6
55 -5 " " " 610 225 10,890 100 52,6
55 -0 " " " 610 225 11,090 imn 52,6
57 -1 " 4,23 " 882 325 16, 350 75.9
f71-2 " " " 813 300 10,560 70 1
57 - 3 " ' " 745 275 10, 490 o .
57 - 4 " " " 677 250 10,920 58.4
87 -5 " " " 610 225 11,04¢ 52,6
67 - € " " ' 542 200 10,840 46,7

Coahtr 7S

o0 -1 5.0 0.19 1.71 385 225 11,000 113 50.)
60 2 " " " 385 225 10,694 125 50.0
60 - 3 " " " 385 225 11, 000 145 Q0
60 - 4 ' " ° 342 200 10,630 167 4,4
60 -5 " " " 342 200 i, 366 43 44.4
60 - 6 " " " 342 200 16, 690 200 44.4

l‘Avg of first five pulses
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D4

Blast and

jug no. W (1)

Coalite 7S (cont'd)
61 £.0
61 -
61 -
61 -
61 -
61 -
62 -
62 -
62 -
62 -
62 .
6z -
64 -
64 -
64 -
64 -
64 -
64 -
65 -
65 -
65 -
65 -
65 -
65 -
&6 -
66 -
60 -
VO -
66 -
66 -
67 -
67 -
67 -
67 -
67 -
67 -
68 -
68 -
68 -
68 -
68 -
68 -
69 -
69 -
69 -
69 -
59 -
69 -

"
—

?‘U’IIFDDN"‘O‘U'&(»N'-O\U’I*LJN“‘Q‘U“ll-N"‘?mﬁwN"O‘U‘*mN"o-U‘hWN"Q\VJ\*NN

Atlas

71 -
-
1 -
71 -

‘

o
o

71 -
72 .
72.
72 -
72 -
72 -
72 -
74 -
74 -
74 -

'Avg of first five pulses

W= O B WO W

\¢
Scaled
charge

depth

Yaiws on

A=W

Data Sheet D: {Coat'd)

R
Jug dis~
wance (ft)

385
385
385
342
342
342
385
385
385
342
342
342
385
385
385
342
342
342
486
486
486
432
432
432
486
486
436
432
432
432
486
-~86h
486
432
432
432
486
486
486
432
432
432
486
486
486
432
432
132

345
385
335
342
342
342
486
486
486
432
432
432
342
342
342

R

\

200
226
226
226
200
200
200
220
229
226
200
200
200
226
22

226
200
200
200
226
226
226
200
200
200

225
225
225
200
200
200
226
2%
226
Ay
200
200

200
20n

200

Velocity to
jug (itiscc)

IC <G5
10,495
10, 405
10, 360
10,060
10, 360
10, 405
9,870
10, 405
10, 360
9,77¢
10, 690
11,000
9,879
11,000
16, 6wt
10 3o0n
14,030
10,570
10, 57¢
10,57¢
10, 540
10, 540
10, 809
10,800
10,570
1¢,570
10,800
10,800
10,800
10,570
10,570
10,570
10, 540
10, 540
10, 540
10,570
10,570
10, 340
10, 290
10, 290
10,540
10,800
10,570
10, 800
10, 540
10, 290
10, 540

1i, 000
10, 400
11,000
11.030
10, 690
11,030
11,050
10, 800
11,050
10,800
10,800
11,080
10, 2450
10,690
10, 360

Frequency®
{cps)
v T
143
125
167
125
15
167
1)
143
107
125
91
111
143
143
250
9:
til
91
111
167
167
143
167
111
125
167
200
143
167
111
143
143
11
143
111
125
125
167
143
111
11t
143
;%0
12=
107
125
iT
43
83
143
125
125
.67
91
ino
100

R
b

bw*-OOO*##QOOh.&*O’O‘O

PO S ST T WY
RO OO

<2

OOO:&‘-‘OO

N R

44,5
50.1
50.1
50.1
4.5
4.5
44.5
50.1
50.1
50.1
44.5
44.5
44.5
50.1
50.1
50.1
44.5
4.5
44.5

37.7
31.7
7'.
33.5
33.5
33.5
38,6
38.6
38.6
34.3
34.3
34.3
33.5
33 &
33.5
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[ —

Blast and
jug no.

-

L)

Atlas 60 (cont'd)
4-4

14

Coalite 78
83-1

83
83
83
83
83
87
87
87
87
87
87
90
g0
90
90
90
90

Atlas

95
95
95
95

95 -

95
96

96 -

96
96

96 -

96
97
97
97
97
97
97
98
98
ag
Yo
98
8
99
99
99
99
99
99
100
100
100
100
100

UMb WNITOR A WN=OCWONI A WN

o

Vb WIN" O Wk LU O WUl W™ 0O U W™ 00 b WK e OV b Wy~ O

100 - 6
*Avg of first five pulses

5.0

L1)
"
2.5
LI
©"
"
"
"

X
Scafed
charge
depth

7.17

1.71

IR Sk T A b et U o Poahten < Sy e e TN W Tr o jepges wa s -

\=¥W

R
Jug dis-
tance {ft)

385
385
385
272
212
272
306
306
306

542
542
542
610
610
6:0
22
272
272
306
306
306
342
342
342
385
385
385

362

610
8

210
42
542

542
542
542
610
610
610
542
610
677
745
813
8§30

R

K
"

200
200
200
225
225

29¢

200
200
200
2=
225
200
200
200
225
225
225

168
168
168
126
126
126
168
168
168
126
126
126
168
168
168
126
126
126
284
284
284
252
252
252
252
252
252
284
284
284
252
284
315
347
378
09

Data Sheet D: (cont'd)

Velocity to
jug (£875e)

15. 405
16,130
16,650
10,070
9,710
9,710
10, 200
9,870
10,200

11,290
10,840
11,060
11,090
19,890
13,636
'0,469
10,070
10,460
10, 200
9,870
10,550
11,032
10,6490
10,690
10,690
10,405
10,405

10, 340
8,420

10,040
10,040
10,040
11,310
10,650
11,310
10,840
10, 04¢C
10,840
11,300
11,090
11,300
11, 290
11,060
1a Wi
11, 290
11,840
11,060
11, 300
11,090
11,300
11,060
11.300
11,280
11,120
11,140
13,430

Frequency*
(cps)
L \4 T
200
77
100
100
111
125
200
!"l
143
31l
100
167
250
100
100
143
111
125
143
125
1!
125
125
125
250
167
111
83
59
111
111
91
125
iil
1.
14>
ied
100
143
111
167
200
100
111

D5

R
N

Waar I WWWWW
TewwwaaA
PEwHAI:
Y- R

- «!
P
o ® .

44.4

50.6

45,3

45,3

50.0

b e e - OO D =3

W W W W
LUV 000




Db

Blast and A
jug no. Sclfed
charge
depth

W (Ib)

Atlas 60 (cont'd)

101 -1 20.0 6,72
01 - 2 " "
lol - 3 " "
101 - 4 " "
lol - s " "
101 - 6 " "
102-1
102 -
102 -
102 -
102 -
162 -
103 -
103 -
103 -
103 -
103 -
103 -
104 -
104 -
104 -
104 -
104 -
104 - 6 " n

N WN= UV WN™C VAW

Military caplosive C-4
152 -1 20.0
x_l" - ¢ 1" n
154 - 3 " "
154 - 4 1] 1]
154 - 5 " u
15‘ - 6 1l L1}
154B - 1 10,0
154B - 2 " "
154B - 3 " "
154B - 4 " "
154B - 5 " "
154‘3 - 6 " n
154C - 1 " "
ls‘c - z n n
154C -~ 3 v "
154C - 4 " "
154C - 5 " '
154C - 6 " "

oalite 78
‘D-1 .
184D - 2 " "
+.4D - 3 " "
154D - 4 " "
154D - 5 " "
154D - 6 " "

Coalite 58
15« -1
154E -~ 2 " "
154E - 3 " "
154E - 4 " "
154E - 5 " "
154E - 6 " "

Military explosive C-4
156 - 1 40.0
156 - 2 " "
156 - 3 " u
156 - 4 " "
*

Avg of first five pulsea

A =¥IW

Data Sheet D; (cont'd)

R
Jug dis- %
tance {ft)

548 2R§
615 286
683 318
750 349
816 380
884 411
684 200
684 200
684 200
170 225
770 225
770 225
684 200
684 200
684 200
770 225
Kk} 225
770 225
634 200
684 200
684 2n
770 225
170 225
770 225
542 252
610 284
677 315
745 347
813 378
880 409
432 253
432 253
432 253
486 284
486 284
486 284
432 253
432 253
432 253
486 284
486 284
486 284
432 253
432 253
432 253
486 284
47 284
436 284
432 253
432 253
432 253
486 284
486 264
486 284
684 200
684 200
684 200
770 225

Valocity to
jug {lifses)

11,180
11,180
11,380
11,190
11,330
11,480
11,216
11,030
11,21¢0
11,490
11,320
11,490
11,210
10,860
i1,030
11,320
1),'%0
17,320
il,030

.' 690
11,030
11,160
11,000
11,160

11,290
11, 300
11,280
11,290
11,450
11,580
14,400
10,050
14,400
11, 300
9,530
11, 300
11,370
10, 290
11,080
11,300
9,530
11, 300

11,080
10, 540
10,800
19,800
10, 340
11,050

14,000
9,820
10,800
10,570
9,920
11,300

11,210
11,030
11,210
11,320

Frequency*
{cps
1. v r
100
11
250
20
250
250
9
83
500
333
125
83
11
91
250
250
200
167
12%
167
200
143
250
125
125
125
200
143
167
125
250
143
250
250
250
333
143
11l
167
230

R
N

35.8
40.2
4.6
49.0
53.3
57 8
7.

7.0
37.0
41.6
41.6
41.6
37.0
370
37.0
41 6

41.6
37.0

—r—m QN O O
e o s+ o o o & & o

> oo
NN DODOON~OVOD

34.3
34.3
34.3
47.2
47.2
47.2

44.5
44.5
44.5
50,1
50.1
50,1

47.0

47.0

52.8

GrO #12374w7
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P e

Blast and A
jug no. W (lb) Scaled
charge
depth
Military explosive C-4 (cont'd)
156 - 5 40.0 4,96
156 - 6 " "
171 - 1 5.0 0.96
171 - 2 " "
171 3 " "
171 - 4 ' "
71 -5 " "
171 6 1" "

A =YW

3.42

Data Shiect D:

Teg dis-
.ance {ft)

770
770
486
480
486
432
432
432

1. .

R R

»j=

225
225
284
284
284
253
253
253

R e R SRR T

'd)

Velocits to
jug (fe/ =:)

11,000
11,490
14,290
14,730
13,890
13,940
12,710
13,940

Frequency®

100

200

143

(cps)
\4

167

167

T

1

1

~

D?

2w
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o

o
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